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For many years, investigations of the specificity of enzymes 
have been carried out in a number of different laboratories. 
From such studies much has been learned about the mechanism 
of action of enzymes, the nature of the active site, and the nature 
of the enzyme-substrate complex. For enzymes acting on poly- 
hydroxy compounds such as glucose, it has been possible to vis- 
ualize the enzyme-substrate complex involving hydrogen bond- 
ing at several points, thus conferring on the union a rigidity in 
space necessary for stereochemical specificity of reaction. 

Although hexokinases derived from various rat tissues have 
been studied, the reports do not permit definite conclusions to 
be drawn concerning differences in the enzymes and their speci- 
ficities. Rat intestinal mucosa has been studied by Hele (1), 
Sols (2), and Long (3). The activity of rat kidney hexokinase 
toward glucose, fructose, and mannose has been reported (3-5), 
and rat liver has been studied extensively by many workers (3, 
6-9) in regard to fructokinase and glucokinase activity. There 
is agreement that fructokinase will not phosphorylate glucose 
and that liver must also contain a gluco- or a hexokinase in addi- 
tion to the fructokinase. This hexokinase has not been isolated 
or characterized. 

In the present paper, the substrate specificities of hexokinase 
preparations from rat intestine, kidney, and liver have been in- 
vestigated with a view to finding which groups of the polyfunc- 
tional carbohydrate molecule appear to be involved in the en- 
zyme-substrate complex. 


Studies of phosphorylation of p-glucose, some rare D-aldo-— 


hexoses, D-glucosamine, N-acetylglucosamine, and 2-deoxy-D- 
glucose were made. The findings indicate distinct differences in 
the specificities of the enzyme preparations. 


EXPERIMENTAL PROCEDURE 


Methods and Materials—The sugars used were obtained com-. 
mercially or prepared synthetically as follows: glucosamine hy- 
-drochloride was obtained from Pfanstieh] Laboratories; N-acety]- 


glucosamine was obtained from Chas. Pfizer and Company, Inc.; 
2-deoxyglucose was obtained from Aldrich Chemical Company, 
Inc. These substances were recrystallized before use. The rare 
aldohexoses were prepared from their corresponding lactones by 
modifications of the procedures of Sperber e¢ al. (10) and Isbell 
et al. (11). Allonolactone and calcium altronate were prepared 
from ribose according to the procedure of Pratt and Richtmyer 
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t This work is taken from a thesis submitted to the University 
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(12). Gulonolactone was prepared from xylose by the procedure 
of Isbell (11). Talonolactone was prepared from y-galactono- 
lactone by epimerization with pyridine according to the procedure 
of Glatthaar and Reichstein (13). ATP was obtained from 
Pabst Laboratories as the disodium salt. EEDTA! was obtained 
from the Eastman Organic Chemicals Division of the Eastman 
Kodak Company. Tris was obtained from Nutritional Bio- 
chemicals Corporation. 

Assay Procedure—The method used for assaying the various 
hexokinase preparations was the constant pH microtitrimetric 
procedure of Schwartz and Myers (14). Incubations were car- 
ried out in 4-m1 volumes at 30° and pH 7.4 with 0.02 m MgCl, 
0.002 m ATP, 0.002 m EDTA, enzyme, and varying concentra- 
tions of hexose. A unit of enzyme was defined as the amount 
of enzyme required to produce 1 X 10-® acid equivalents per 
minute at 30°. Phosphatase and ATPase activities were inhib- 
ited in the assay by the use of 0.02 m fluoride (3, 15, 16) or n-oc- 
tanol (17). Freezing and thawing of the hexokinase prepara- 
tions also served to decrease phosphatase and ATPase activity 
(17). 

Enzyme Preparation—All enzyme isolation work was _per- 
formed at 0 to 5°, unless otherwise stated. Male Sprague-Daw- 
ley strain rats were used as the tissue source. Protein determi- 
nations were carried out by the method of Lowry et al. (18) or by 
digestion and nesslerization as described in Hawk, Oser, and 
Summerson (19), after dialysis against running water for 15 
hours. 

‘1. Liver Hexokinase—Crude rat liver hexokinase was prepared 
as needed, since the preparation was stable for only 2 to 3 days 
when stored at —15°. To prepare the enzyme, two fasted rats 
were killed by snapping the cervical cord. The livers (approxi- 
mately 20 g of tissue) were rapidly removed and homogenized 
in a Waring Blendor for 3 to 5 minutes with a buffer consisting 
of 2 volumes of 0.01 m Tris, 0.005 m EDTA, 0.005 m MgCl: at 
pH 7.0. The homogenate was centrifuged for 2 minutes at 600 
x g to remove intact cells and cellular debris. The supernatant 
fluid was recentrifuged for 45 minutes at 20,000 x g in an Inter- 
national centrifuge. The clear supernatant fluid containing 
hexokinase activity (Table I) was used for the assays. Glucose 
determinations by the method of Nelson and Somogyi (20) 
showed only negligible amounts of free sugar present (less than 
5 mg per 100 ml). Protein determinations showed the presence 
of 2.97 g of protein with a total hexokinase activity of 7800 units, 
assayed with glucose as a substrate. 

2. Kidney Hexokinase—Fresh rat kidneys from two or three 
rats (approximately 6 g of tissue) were homogenized in a VirTis 


1 The abbreviation used is: EDTA, ethylenediaminetetraacetic 
acid. 
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2 
TABLE 
Distribution of hexokinase activity in tissue homogenates 
| Centrifugation* | Units of hexokinase recovered 
. Amount in 
Tissue | 
| Speed | Time Homog- Sediment Super- 
| enate | natant 
| | | 
Xg min | | % 
Rat kidney...) 20,000 | 45 1,600. 60 | 1,090 64 
Rat liver...../ 20,000 | 45 10,000 2,500 | 7,800 78 
Rat intestine. . 800 30 13,000 1,800 | 11,000 85 
20,000 | 30 10,000 8,500 | 1,000 10 


* After an initial centrifugation at 600 X g for 2 minutes to re- 
move unbroken cells and other debris. 


‘“*45”? homogenizer for 5 minutes with the buffer described above. 
A crude kidney hexokinase was obtained in the supernatant fluid 
after centrifuging the homogenate at 20,000 x g for 45 minutes 
(Table 1). This preparation was stable for 2 to 3 weeks at —15°. 
A total activity of 1090 units in 0.65 g of protein was recovered. 

3. Intestinal Hexokinase—Immediately after a rat was killed, 
the entire intestinal tract was removed and cleaned by flushing 
with ice-cold water. After all the contents were removed, the 
intestine was slit longitudinally and washed in cold phosphate 
buffer at pH 6.8. The tissue was cut into three or four pieces, 
and each was homogenized by hand with 2 volumes of cold phos- 
phate buffer at pH 6.8. A loosely fitting glass homogenizer (21) 
was used so that only the mucosa was ruptured, the muscular 
layer being left intact. The homogenate was centrifuged at 
800 x g for 30 minutes to remove the heavy material of the mus- 
cular layer. The supernatant fluid was used in the hexokinase 
assays (Table I). Intestinal mucosa has been shown to have 
mainly a particulate hexokinase (22). The supernatant fluid 
contained 4 g of protein with a total activity of 11,000 units. 
This preparation was found to be stable for 2 to 3 weeks if stored 
at —15°. 


RESULTS AND DISCUSSION 


To determine the extent of interference with the hexokinase 
assay by ATPase and other phosphatases, control experiments 
were carried out, the results of which are shown in Table II. 
From these data it can be seen that the activity of contaminating 
enzymes was low compared to hexokinase activity, and was fur- 
ther inhibited by the presence of fluoride at a concentration equal 
to that of the magnesium chloride. Some inhibition of hexo- 
kinase by fluoride is also indicated. The solutions containing 
the enzymes were frozen after their preparation and thawed be- 
fore use. This procedure considerably decreased the activity of 
phosphatases without markedly reducing hexokinase activity 
(17). In subsequent assays it was determined that, in the ab- 
sence of substrate, acid production caused by interfering proc- 
esses was almost entirely absent and was therefore neglected. 
In those instances in which the test substance proved to be either 
inert or a very poor substrate, increasingly large amounts of the 
enzyme preparation were used in order to induce the reaction to 
proceed. Consequently, acid production resulting from ATPase 
activity was greater in these cases, but was never as much as 
10% of the total acid produced in the presence of even the poor 
substrates. This was considered to be within the limits of ex- 


perimental error under these circumstances, and the blank values 
were neglected. To this extent, however, the Michaelis constant 
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(K,,) values reported for poor substrates such as gulose and 
talose are not entirely accurate. 

The results of the substrate specificity studies are shown in 
Tables III and IV. Glucopyranose was used as the reference 
substrate, inasmuch as glucose is the physiological substrate for 
the tissues studied. Liver, however, may be taken as a partial 
exception to this, since fructose has been shown to be well uti- 
lized by this tissue (8) and, as previously noted, the presence of 
a unique fructokinase has been well established. Studies of 
aqueous solutions of some free aldohexoses have shown the 
pyranose form to be the predominant form present (23), and 
the assumption has been made that this holds true for all the 
aldohexoses. The points at which the sugars studied differ in 
structure from glucose have been indicated in Table III. 

Values recorded for the Michaelis constants (K,,) were cal- 
culated from graphs by the method of Lineweaver and Burk (24), 
Comparison of A, values obtained with enzymes isolated from 
different sources may provide information regarding the identity 
of the enzymes. The relative maximal rates of the reactions 
can be used to compare the behavior of a given enzyme toward 
a variety of substrates. This value was obtained from the ex- 
pression 
Vmax (substrate) 

Vinax (glucose) 


Relative maximal rate = 


The phosphorylation coefficient (25) is also useful in evaluating 
hexokinase activity. This coefficient was calculated from the 
expression 


Km (glucose) 
K~» (substrate) 


Vinax (substrate) 
Vmax (glucose) 


Phosphorylation coefficient = 


It serves as an indication of the sensitivity required in test condi- 
tions and also gives some indication of the suitability of a sub- 
stance as a substrate for a hexokinase. 


TaBLeE II 


Effect of endogenous metabolites, phosphatases, and fluoride 
on hexokinase assay of enzyme preparations from normal 
rat tissues 


Acid equivalents produced per minute 
(X 108) 
Tissue Substrate 
system* | Strate oride og _ATP 
Rat liverf...| Glucose 38 8 54 12 0 
Glucose 6- 7 7 34 Of 
phosphate 
Rat kidneyf.} Glucose 51 9 72 18 5 
Glucose 6- 4 7 23 7 
phosphate 
Rat 
tinev...... Glucose 74 16 84 23 0 
Glucose 6- 14 7 - 8 Of 
phosphate 


* Complete systems contained enzyme, 0.02 m MgCle, 0.002 m 
EDTA, 0.02 m potassium fluoride, 0.002 m ATP, and 0.0004 m sub- 
strate. Incubations were carried out at 30° and pH 7.4 for 4 
minutes. 

+ Fresh supernatants prepared as in Table I. 

t Increase in pH of 0.05 to 0.1 unit in 15 minutes. 
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TABLE III 


Substrate specificity of hexokinase preparations 
Incubation mixtures contained substrate, 0.02 m MgCl: , 0.002 m EDTA, 0.02 m potassium fluoride, 0.002 m ATP, and were carried out 


Rat intestine Rat kidney Rat liver 
Modified at 
Substrate carbon® Relative ‘ Relative : Relative : 
Phosphoryla P h 
moles/liter moles /liter moles/liter 
6.5 107-5 1 1 4.8 X 10-5 1 1 4xX10°°| 1 1 
2-Deoxyglucose....... 2 9X 10-5 | 0.85 0.6 4X 10-5 0.5 06 | 9X 10-5 1 0.45 
Glucosamine (pH 7.5). 2 3.3 X 10-4 | 1 0.2 >0.1 <0.1, <5 X 107° | 3.7K 0.7 | 7.6X 10°? 
N-Acetylglucosamine. 2 T t <1075 T t <1075 T t <10-5 
3 10-7? | 0.19 | 1.2 X 10° 8 10-3 0.5 3X 107? | 3.5 X 107? | 10.23 2X 10-3 
2,3 t t <10-5 t <10-5 T t <10-5 
2,4 2 X 10°? | 0.033 1X 10° | 1.7 X 10°? 0.1) 2.8 10-4 >0.1 <0.1 | <4x 
3, 4 t <10-5 T t <10-5 1X 10°? | 0.035) 1.4 10-4 
* Compared with p-glucose. 
+ An undetectable affinity (K,, >0.1 Mm). 
t An undetectable rate (<0.001 at 0.2 m). 
TaBLE IV 
Phosphorylation of carbohydrates by hexokinase preparations 
Incubation mixtures contained 0.002 m ATP, 0.02 m MgCle, 0.002 m EDTA, and were carried out at 30° and pH 7.4. 
Rat intestine Rat kidney Rat liver 
Substrate Substrate added | t 
Enzyme E e Ti | h 
added | | phorylated | added 
Be pmole/ml units/ml min % units/ml min % units/ml min % 
i inks sane 0.7 40 2 34 25 2 25 4 >95 
2-Deoxyglucose........ 1.53 40 4 30 25 3 24 25 3 26 
Glucosamine........... 1.16 40 4 40 25 5 <1 25 3 48 
N-Acetylglucosamine. . 1.13 40 4 0 25 3 0 25 3 0 
1.39 120 3 18 50 5 5* 75 4 19 
oo eke doce 27.8 120 5 0 50 5 0 75 4 0 
13.9 120 4 1 50 3 4 75 4 1 
27.8 120 5 0 50 5 0 75 4 5* 


* At substrate concentration of 6.95 wmoles per ml. 


In Table IV, the extent to which phosphorylation occurred is 
recorded as the percentage of substrate phosphorylated in a 
These values were obtained from assays in which 
the concentration of substrate was limiting and all other compo- 
nents of the system were present at optimal concentrations. 
These values allow comparison of the activity of a given enzyme 
toward a variety of substrates and are also useful in determining 
the amount of enzyme required in a system to enable determina- 


given time. 


tion of the Michaelis constant. 


Rat Intestine—The data presented which were obtained from 
studies with the hexokinase preparation from rat intestine indi- 
cate that alteration of the structure of the substrate at carbon 2 
has relatively little effect on the ability of these substances to 
Both glucosamine and 2-deoxyglucose were 
found to be quite suitable as substrates. The addition of the 
bulky acetyl group in N-acetylglucosamine, however, prevents 
enzyme activity. A change in configuration at carbon atom 3 
(allose) has considerably greater effect than the change at carbon 
2, and, as will be noted, activity was markedly reduced. 
Changes in configuration at carbons 2 and 4 (talose) decreased 


serve as substrates. 


activity still further, and changes at either 2 and 3 (altrose) or 3 
and 4 (gulose) resulted in loss of all activity. In the latter cases, 
as well as in the case of N-acetylglucosamine, the small amounts 
of titratable acid produced were probably due entirely to traces 
of residual ATPase activity, since in subsequent examinations of 
the incubation mixtures by paper chromatography, no phos- 
phorylated carbohydrate product could be detected. Similar 
findings were obtained in the studies with the other enzyme 
preparations. 

In previous reports of the hexokinase activity of rat intestinal 
mucosa, Hele (1) found that fructose, galactose, glucose, and 
xylose were substrates in her system and Sols (2) found glucose, 
fructose, mannose, glucosamine, 2-deoxyglucose, and allose to be 
substrates, but galactose, N-acetylglucosamine, and xylose were 
inactive in his system. From these reports, and the present 
results, the conclusion may be drawn that the enzyme prepara- 
tion was nonspecific, and the more important binding sites seem 
to be the hydroxyl groups at positions 3 and 4. However, the 
inertness of altrose is not completely compatible with this con- 
clusion. Except for carbon 2, altrose has the same available 
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binding sites as does allose, and if the configuration at carbon 
atom 2 has relatively slight influence, it would be expected that 
allose and altrose would be comparable substrates. That they 
are not could result if there is an influence of the hydroxy] groups 
at positions 2 and 3 as a combined unit. However, the data do 
not permit accurate evaluation of the specific quantitative in- 
fluence on affinity of one or more hydroxyl groups. It should 
be noted that altrose has been found to be a substrate for calf 
brain hexokinase (25). This finding tends to indicate that hexo- 
kinase preparations derived from different tissue sources differ 
in their ability to act on different carbohydrates. That this is 
the case is confirmed by the differences in behavior reported in 
this paper. 

The finding that talose could serve as a substrate is also of 
interest. Since -talose is the C-2 epimer of galactose, galactose 
would be expected to be a substrate in this system. This was 
reported to be the case by Hele (1), but not by Sols (2). A pos- 
sible explanation for the discrepancy may lie in the fact that the 
enzyme preparations used were not identical. On this basis, the 
preparation used in this work appears to resemble the prepara- 
tion of Hele more closely than that of Sols. Further confirma- 
tion of this would have been available had xylose been included 
in the present studies. 

Comparison of these results with the findings of Eagle et al. 
(26), who studied human intestinal cell cultures, suggests further 
differences between hexokinases. Their results showed that 
allose and altrose were unable to support growth. It is possible, 
however, that allose may have been phosphorylated in their sys- 
tem but not metabolized further. They also found that talose 
supported growth, which suggests greater hexokinase activity 
than reported here, but is in accord with the observations made 
in regard to the minor importance of configuration at carbon 2 
and the suitability of talose and galactose as substrates for 
hexokinase. 

Rat Kidney—In previous reports of hexokinase activity in rat 
kidney (3-5), specific correlations between structure and speci- 
ficity were not thoroughly examined. From the K,» values re- 
corded in Table III it can be seen that the preparations from rat 
kidney exhibited a specificity similar to that from rat intestine. 
However, comparison of the data for the two enzyme systems, 
as shown in Tables III and IV, reveals one striking difference. 
It will be noted that glucosamine was a very poor substrate in 
the kidney preparation, but was a good substrate in the intestinal 
preparation. These findings also indicate a somewhat greater 
importance of the structure at carbon 2 than would be assumed 
from the data on the intestinal enzyme. With this exception, 
the observations are in accord with those previously noted in 
regard to the effect of changes in configuration. However, com- 
parison of the relative maximal rates for each of the sugars in 
the two systems reveals considerable differences. This suggests 
a lack of identity of the enzymes of the two preparations. 

Rat Liver—As noted earlier, the preparation used in the present 
studies contained either a nonspecific hexokinase or a mixture of 
kinases which could utilize a variety of sugars as substrates, but 
did not contain only the fructokinase previously reported, since 
the preparation actively phosphorylated glucose. The fructo- 
kinase, however, may also have been present. 

The data in Tables III and IV indicate that the preparation 
from rat liver resembled in activity the preparation from rat 
intestine even more closely than did that from rat kidney. The 
relative lack of influence of the configuration at carbon 2 was 
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again observed, and decreasing suitability as a substrate wag 
found in those sugars in which carbon 3, carbons 2 and 3, and 
carbons 2 and 4 differed from glucose. A noteworthy exception 
in the activity of this preparation was found in the case of gulose, 
which did not serve as a substrate for either of the other systems, 
As far as the authors are aware, this is the first finding of gulose 
acting as a substrate for any hexokinase. However, in studies 
with intact rats, oxidation of gulose to COz has been noted (27), 

In this tissue, as with intestine, a difference in behavior be- 
tween rat liver hexokinases and human liver cell cultures is sug- 
gested. Eagle et al. (26), studying human liver cell cultures, 
reported that talose permitted slight growth, indicating that hexo- 
kinase activity was present. The present findings suggest that 
rat liver hexokinases would be too inactive to permit growth on 
talose. 

From the data reported here on the three enzyme systems 
studied, it is apparent that variations in the structures of the 
substrate affect the ability of the hexokinase preparations to uti- 
lize the substances as substrates. From this data, and taking 
into consideration similar work reported by others, certain ob- 


servations can be made associating carbohydrate configuration 


with enzyme activity. Structurally, all the compounds involved 
are similar in at least two respects: (a) they have hydroxy] groups 
at carbon 6 which are available for phosphorylation; and (6) 
they have hydroxy] groups at the anomeric position (carbon atom 
1). As previously indicated, it has also been assumed that all 
exist primarily in the pyranose form. 

Gottschalk (28) and Sols and Crane (25) have shown that 
specificity is not altered by the configuration of the hydroxy] 
group at carbon atom 1. Both @ and 8 forms of a number of 
substrates were found to be equally active. However, replace- 
ment of the hydroxy] group at this position by a variety of other 
groups gave rise to compounds that were less active, or inactive, 
as substrates (25, 29). 

It appears, therefore, that these enzymes will continue to act 
on substances in which a single configurational or structural 
difference from glucose exists. A change at either carbon 1 or 
2 had little or no effect, whereas a change at carbons 3 or 4 (1, 2) 
decreased hexokinase activity. Changes at both 2 and 4 de- 
pressed activity further. Hexokinases were completely inactive 
toward those carbohydrates which differed from glucose in con- 
figuration at carbons 2 and 3 or at carbons 3 and 4, with the 


TABLE V 

Paper chromatography of carbohydrate phosphate esters 
Compound* | Rg-¢-Pt Ret 
Allose 6-phosphate................ 0.66 0.30 
Altrose 6-phosphate.............. 0.58 0.33 
Gulose 6-phosphate............... 0.38 0.06 
Talose 6-phosphate............... 0.53 0.13 
Glucose 6-phosphate.............. 1.00 0.45 

Fructose 6-phosphate............. 1.50 
2-Deoxyglucose 6-phosphate...... 0.25 
Glucosamine 6-phosphate......... 0.11 
N-Acetylglucosamine 6-phosphate . 0.19 


* Position of phosphate ester groups assumed. See text. 
+ Ethyl] acetate-acetic acid-water, 3:3:1 at 4°. 
¢t Ethyl acetate-pyridine-water, 10:4:3. 
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exception already noted that gulose served as a substrate in the 
rat liver system. 

Nature of Reaction Product—In each of the incubation mixtures 
studied in which hexokinase activity was found, the mixture was 
examined to determine the nature of the reaction product and 
to establish that the acid titrated was indeed due to hexokinase 
action. 

These studies indicated that 6-phosphate esters were the most 
likely products of the reaction. This has previously been shown 
to be the case for glucose, fructose, and mannose (6), glucosamine 
(30), and allose, altrose, galactose, and 2-deoxyglucose (25), al- 
though identical enzyme preparations were not used. 

The examinations carried out were as follows. After each 
assay, paper chromatograms were prepared from the assay mix- 
tures. With the use of ethyl acetate-pyridine-water, 10:4:3, 
duplicate descending strips were run overnight. One strip was 
sprayed with aniline oxalate to detect reducing sugars (31), and 
in each case, two reducing spots were found. One rapidly mov- 
ing spot corresponded to the free sugar under study. The second 
reducing substance was slower moving. The duplicate strip was 
sprayed with the phosphate spray reagent of Hanes and Isher- 
= (32) and developed by the method of Bandurski and Axel- 

rod (33). A clearly defined phosphate spot appeared which 
exactly corresponded to the slower moving reducing spot. This 
procedure was repeated using the solvent of Mortimer (34), ethyl 
acetate-acetic acid-water, 3:3:1, at 4°. Chromatograms allowed 
to run for 60 hours in this system gave results comparable to the 
first system described. 

Each phosphate-containing spot was further identified by pre- 
paring another chromatogram, and cutting out the area previ- 
ously shown to contain the phosphorylated compound. This 
area was eluted with water and treated with a nonspecific phos- 
phatase, Polidase-S (Schwartz Laboratories, Inc.). The solu- 
tion was concentrated to 1 drop and rechromatographed. Com- 
parison with control spots of the original sugar mixed with an 
equal amount of Polidase-S, and with the free sugar alone showed 
all three spots to have moved identically. The reducing sugar 
phosphate was thus identified as an ester of the original sugar. 

It is therefore apparent that a carbohydrate phosphate ester 
was formed during the incubation. The most probable esters 
would be either the 1-phosphates or 6-phosphates, but since the 
esters also had reducing properties, they could not have been 
the 1-phosphates. A tentative assumption has therefore been 
made that these substances are hexose 6-phosphates. 

In Table V some Re and Rg-¢-p values are recorded, deter- 
mined with the above solvent systems. The values were calcu- 
lated from the distance the hexose phosphate had moved from 
the starting line divided by the distance free glucose (or glucose 
6-phosphate) Had moved. As indicated above, it has been as- 
sumed that the esters are the 6-phosphate esters. These com- 
pounds are presently being isolated for further examination. 


SUMMARY 


The substrate specificity of hexokinase preparations from rat 
intestine, kidney, and liver were studied with the use as sub- 
strates of a number of carbohydrates which differ in structure 
from glucose at various carbon atoms. Allose, talose, and 2-de- 
oxyglucose were substrates in all three systems, glucosamine was 
a substrate in the intestine and liver systems, and gulose was a 
substrate in the liver system only. N-Acetylglucosamine and 
altrose were not substrates in any of the systems studied. The 


products of the reactions were tentatively identified as hexose 
6-phosphates. 

The data indicate that the preparations, although similar in 
behavior, had one or more unique differences, suggesting that 
the enzymes were not identical. 

The influence of the structure of these carbohydrates on hexo- 
kinase activity is discussed. 
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Recent studies have indicated two schemes for the anaerobic 
metabolism of pentoses by microorganisms. One, applicable to 
a number of organisms (1-3) indicates a phosphoketolase type 
cleavage of pentose-1-C“ with subsequent synthesis of methyl 
labeled acetate and unlabeled lactate. Another proposes con- 
version of pentose-1-C™ by a transketolase-transaldolase sequence 
to 1,3-labeled pyruvate in which methyl carbon activity is ap- 
proximately twice that of the carboxy! carbon (4-6). The pyru- 
vate, in turn, is converted to the various end products character- 
istic of bacterial fermentation. 

In the present study with Escherichia coli, the labeling of prod- 
ucts derived from the dissimilation of p-xylose-1-C™ and L- 
arabinose-1-C'™ by the intact organism, and the enzymatic reac- 
tions occurring in cell-free preparations indicate metabolism via 
1 ,3-labeled pyruvate. With p-arabinose-1-C', the labeling of 
products differs from that obtained with the xylose and the L- 
arabinose. This difference can be best explained by assuming 
that p-xylose-1-C™ and L-arabinose-1-C™ enter the transketolase- 
tranSaldolase pathway as D-pentose 5-phosphate-1-C™, whereas 
the p-arabinose-1-C™ is converted to D-pentose 5-phosphate-5- 
C™ before transketolase cleavage. A partial and preliminary 
report of these studies has been presented (7, 8). 


EXPERIMENTAL PROCEDURES 


Materials and Methods 


Growth of Cells—Cultures of E. colt strain K-12 were grown 
at 37° with vigorous aeration on a medium containing per liter, 
0.5 g of NH,Cl, 6.0 g of NasHPO,, 3.0 g of KH2PO,, 0.2 g 
of MgSO,-7H.O, 0.05 g of CaCl.-6H2O, 0.4 g of yeast ex- 
tract (Difco), 2.0 g of NHsNOs, and 4.0 g of either p-arabinose, 
p-xylose, or L-arabinose. The sugar was sterilized separately 
and added aseptically to the medium. After about 18 hours of 
growth, the cells from 6 liters of culture were collected by cen- 
trifugation, washed twice with water, and then suspended in 
6 to 10 ml of water. Generally, about 8 to 10 g of a wet cell 
paste were obtained per 6 liters. 

Fermentation—Fermentation was carried out in potassium 
phosphate solution at 30° under nitrogen. In some tests, the 
pH was maintained at 7.5 to 8.0 by continued neutralization of 


* Research was carried out at the Brookhaven National Labora- 
tory under the auspices of the United States Atomic Energy Com- 
mission. The work was also supported in part by a grant from 
the National Science Foundation. 

t Present address, Department of Biochemistry, Cornell Uni- 
versity, Ithaca, New York. 

t Present address, Merck, Sharp and Dohme Research Labora- 
tories, Merck and Company, Inc., Rahway, New Jersey. 


the acid produced with 0.2 n KOH. Phenol red was used as 
internal indicator of pH. The reaction vessel was a 150-ml War- 
burg vessel bearing on its wall a serum cap through which the 
alkali was introduced. In other experiments the pH was 4.5 to 
5.0. Brom cresol green was used as the internal pH indicator. 

Isolation and Assay of End Products—The fermentations were 
terminated by the addition of 3 N H»SO, After COz was col- 
lected in CQ+2-free alkali admitted to the side arm of the vessel 
through the venting plug, the cells were centrifuged in the cold. 
The supernatant fluid and cell washings were made up to a vol- 
ume of 50 ml. A portion of the mixture was analyzed for resid- 
ual pentose by the method of Mejbaum (9), for ethyl alcohol 
with brewers’ yeast alcohol dehydrogenase (10), and for lactic 
acid by the Barker-Summerson method (11). The remainder of 
the solution was made alkaline to phenol red with 1 N NaOH 
and distilled to remove ethanol. The solution was then adjusted 
to approximately pH 1 and steam-distilled to remove acetic acid 
and formic acid. These acids were separated and determined 
by celite column chromatography (12). The nonvolatile residue 
containing lactic acid and succinic acid was extracted with ether 
for 48 hours. The two acids were separated by silica gel column 
chromatography (13). To remove traces of lactic acid in the 
fractions containing succinic acid, a room temperature acid per- 
manganate oxidation was used. The succinic acid was recovered 
by ether extraction. After removal of the ether, succinic acid 
was determined with pig heart succinic oxidase (14). 

Preparation of Cell-free Extracts—Acetone powders were pre- 
pared by suspending the cells in a small volume of 0.01 m potas- 
sium phosphate buffer pH 7.0, and pouring the suspension into 
10 volumes of acetone at —20°. The resulting solid was col- 
lected, dried, and stored at —20° until used. The powder (0.5 g) 
was allowed to stand at room temperature for 30 minutes with 
20 ml of 0.1 m tris(hydroxymethyl)aminomethane buffer pH 8.0. 
This mixture was centrifuged in the cold room and the superna- 
tant fluid used the same day. 

Degradation of End Products—The CO:, ethanol, acetic acid, 
lactic acid, and formic acid were degraded by previously de- 
scribed methods (2, 15). The mixture of fumaric and malic 
acids resulting from the succinic acid oxidation described above 
was converted to CO:2 and lactic acid with the malic enzyme of 
Lactobacillus arabinosus (16). 

In general, all C4 assays were carried out as barium carbonate 
of infinite thickness in a methane flow beta proportional counter. 
In a few cases, the tracer was assayed as CO, (see Table V). 
The p-xylose-1-C", p-arabinose-1-C™, and L-arabinose-1-C"™ were 
kindly supplied by Dr. H. Isbell. Another sample of b-arabi- 
nose-1-C' was obtained as a gift from Dr. A. C. Neish. 
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RESULTS 


Products F ormed from p-Xylose, p-Arabinose, and 1t-Arabi- 


nose—The amounts of the various fermentation products obtained 
at alkaline pH are shown in Table I. In general, as far as rela- 
tive amounts of products are concerned, the p-arabinose fermen- 
tation gave results more like the xylose fermentation than like 
the L-arabinose. The most striking differences between the L- 
arabinose fermentation and the xylose and D-arabinose fermen- 
tation was in the amounts of COs and lactic acid formed. A 
comparison of the lactic acid data in Table I and Table III shows 
that lactic acid accumulated at both levels of pH, but the pro- 
portion formed per unit of D-xylose or D-arabinose was consider- 
ably higher in the experiments at pH 5 than with the others. A 
similar effect of pH on other microbial fermentations yielding 
lactic acid has been reported (17, 18). 

Isotope Distribution in Products Formed from p-Xylose-1-C", 
p-Arabinose-1-C'*, and t-Arabinose-1-C'%—A comparison of the 
distribution of C' in the various fermentation products shows 
that there was a fairly close relation between the D-xylose and 
t-arabinose fermentations (Table II). The methyl carbon of 
acetic acid and of lactic acid each had a specific activity 0.35 
to 0:4 times that of carbon 1 of the xylose and L-arabinose, 
whereas the corresponding value was approximately 0.2 for the 
carboxyl carbon of the lactic acid, formic acid, and COz. In 
contrast, the ratio between the specific activity of the methyl 
carbon of ethanol, acetic acid, and lactic acid and carbon atom 
1 of p-arabinose was approximately 0.4, whereas the lactic acid 
carboxyl carbon, formic acid, and carbon dioxide were essentially 
unlabeled (Table II). Comparison of the tracer distribution 
data in Tables II and III indicates the labeling pattern of lactic 
acid formed during the pb-arabinose and xylose fermentations 
was essentially similar at high and low pH. 

The specific activity of the carboxyl carbon of succinic acid 
released as CO, by the malic enzyme in each experiment was 
higher than the second carboxyl carbon released as CO, during 


TABLE 


Products obtained by anaerobic dissimilation of pentose by E. coli 
at about pH 8 


For each experiment, duplicate fermentations were run at 30° 
Each flask contained 500 uwmoles of p- 
xylose, 600 wmoles of p-arabinose, or 580 umoles of L-arabinose; 
2.0 ml of cell suspension (1.5 g of wet paste per ml); and 200 uzmoles 
of potassium phosphate buffer pH 7.2. The total volume was 5.2 
ml. The reaction was stopped with 3 Nn H2SQO, and the pooled 
products assayed as outlined under ‘‘Materials and Methods.’’ 
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the permanganate oxidation of the resulting lactic acid (Table 
II). This discrepancy is apparently due to impurities derived 
from the succinic oxidase preparation and the ether used for the 
lactic acid extraction which gave rise to unlabeled CO, during 


TABLE II 


Distribution of C'* in fermentation products formed at about pH 8 
from p-xylose-1-C'4, p-arabinose-1-C™, and t-arabinose-1-C" 
The specific activity of carbon atom 1 in ue per g of carbon of 

the various pentoses was: D-xylose, 39.9; p-arabinose, 50.0; L- 

arabinose, 13.9. Other cup contents similar to those given in 

Table I. In the p-xylose fermentations, lactic acid was diluted 

1.6-fold and the succinic acid was diluted 5.4-fold with carrier. 

In the p-arabinose fermentations, lactic acid was diluted 1.4-fold 

with carrier. All results are calculated on a carrier-free basis. 


Fraction of of C-1 of 
Product p-Xylose p-Arabinose — 
1 2 1 | 2 1 
Carbon dioxide................ 2.28} 2.28) 0.02 0.02 0.10 
Acetic acid CH;—............. 36.80; 36.10) 39.20 36.00 
—COOH............ 0 0 0 0 
Ethanol CH;—................ 41.20) 41.60) 28.80 
—CH,OH.............. 0.01; 0.01; O 
Lactic acid CH;—............. 36.70) 32.60) 40.00 34.60 
—COOH............ 22.10| 20.20' 0.03) 0.02) 15.80 
Succinic acid —COOH*....... 2.48; 2.41 
—CHof.......... 1.48) 1.33 
—CHe........... 1.41; 1.48 
—COOH........ 1.78) 1.58 


* Activity of CO released by malic enzyme. 
t Activity of methyl carbon of lactic acid formed by malic en- 
zyme. 


TABLE III 
Dissimilation of p-xylose-1-C'* and p-arabinose-1-C'* by E. coli 
at about pH 5 
Each of seven Warburg vessels contained 134 umoles of xylose 
or 141 ywmoles of arabinose, 200 umoles of potassium phosphate 
buffer of pH 5.4, and 2.0 ml of EZ. coli suspension (1.5 g per ml). 
The total volume was 4.3 ml. No attempt was made to control 
the pH which had become 4.5 at the termination (3 hours) of the 
experiment. The temperature was 30° and the atmosphere was 


p-Xylose* p-Arabinoset | 1-Arabinoset No. After collection of CO:, the seven supernatant solutions were 
Product combined and analyzed for pentose and lactic acid. Lactic acid 
1 | 2 1 2 1 ; was isolated as described in ‘‘Materials and Methods.’’ 
moles umoles moles Compound Amount Specific activity 
Initial pentose.......... 1000 | 1000 | 1200 | 1200 | 1160 | 1160 
Final pentose........... 52 16} 126 30 29 34 umoles uc/g carbon 
Carbon dioxide......... 250 | 275} 302); 280 52 56 Initial xylose............ 938 20.7* 
350 | 375 | 402 | 374; 596; 680 Final xylose............. 622 
Acetic acid............. 496 577) 441) 330) 672) 636 Initial arabinose......... 987 36.5* 
Formie acid............ 478 613! 373 | 320; 242) 137 Final arabinose.......... 630 
Lactic acid............. 400 | 315 292; 318 | 788 | 835 Lactic acid.............. 331 190 
Succinic acid........... 107 | 120 63 64 51 55 Lactic acid CH;—....... 6.8 17.0 
—CHOH...... 0.4 0.4 
* Fermentation time, 3 hours. —COOH...... 4.3 0.4 
t Fermentation time, 7 hours. 


t Fermentation time, 2 hours. 


* Specific activity of carbon atom 1. 
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permanganate oxidation, thereby yielding a lower specific ac- 
tivity. This value is in error by approximately 30%. 

The ability of the xylose- and p-arabinose-grown cells to in- 
corporate CO, during fermentation is indicated by the data in 
Table IV. The relatively small amount of isotope assimilated 


TaBLe IV 
Fixation of during p-xylose and b-arabinose dissimilation 


Duplicate fermentations were run at 30° in an atmosphere of 
Ne. Each flask contained 600 umoles of pentose, 200 umoles of 
potassium phosphate buffer of pH 7.2, 2.0 ml of cell suspension (1.2 
g per ml), and 0.8 ymole of Na2C*O;. The total volume was 5.6 
ml. The pH was controlled visually at the phenol red end point. 
Fermentation time was 3 hours. Analysis had indicated that all 
the pentose had been fermented. Ethanol was removed by distil- 
lation from the combined supernatant solutions and totally oxi- 
dized with potassium persulfate (22). The lactic acid isolated in 
the usual manner was decarboxylated with KMnQ, and the acetal- 


dehyde was totally oxidized. 


| 
Total activity 


Compound | 
| Xylose Arabinose 
uc X 1078 

0.0 
2.0 
Lactic acid CH;CHOH—............ 0.0 0.0 

TABLE V 


Formation of hexose monophosphate from ribose &-phosphate-1-C" 
by zylose-grown cells and D-arabinose-grown cells 

The incubation mixture contained 17.5 umoles of ribose 5-phos- 
phate-1-C'* (about 40 we per g of carbon), 0.7 ml of xylose- or p- 
arabinose-grown £. coli extract, and 20 ymoles of potassium fluo- 
ride in a total volume of 1.05ml. The pH was 8.0. After 3 hours 
at 37°, the xylose extract had formed 3.1 zmoles of glucose 6-phos- 
phate as determined with glucose 6-phosphate dehydrogenase. 
The arabinose preparation had synthesized 3.5 wmoles of glucose 
6-phosphate. At this time 200 umoles of glucose 6-phosphate in 
2.3 ml of water were added, followed by 5.0 ml of HO and 0.8 ml 
of trichloroacetic acid. The barium salt was isolated and recrys- 
tallized and the final product (155 wymoles) dephosphorylated with 
potato phosphatase as previously described (20). After addition 
of 280 umoles of glucose, the sugars were degraded with Leuco- 
nostoc mesenteroides (23). The specific activity values are cor- 
rected for glucose carrier, but not for glucose 6-phosphate added 
before crystallization. Radioactivity was determined with a 
Van Slyke-Steele type gas counter (24). 


| Specific activity 


Glucose carbon atom No. 
Xylose | Arabinose 
uc/g carbon 
1 1.49 | 1.18 
2 0.0* 0.0* 
3 0.63 0.52 
4 0.0 0.0 
5 0.0 0.0 
6 0.0 | 0.0 


* Detectable but insignificant amounts of activity. 
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into the products assayed was about equally distributed between 
formic acid and the carboxyl carbon of lactic acid. This would 
suggest that incorporation or equilibration between ethanol, 
acetic acid, lactic acid, and formic acid and isotopically labeled 
CO: arising during fermentation is limited. 

The results obtained with the cell-free preparations of D-arab- 
inose- and xylose-grown E. coli are presented in Table V. Glu- 
cose 6-phosphate formed by the acetone powder extracts from 
ribose 5-phosphate-1-C™ contained significant quantities of iso- 
tope only in carbon atoms 1 and 3, with 23 times as much isotope 
in carbon 1 as in carbon 3. A similarity in distribution of label 
in glucose 6-phosphate formed from 1-labeled pentose phosphate 
by crude extracts of rat liver (19), pea roots (20), and by extracts 
of xylose- and D-arabinose-grown E. coli is taken as evidence for 
the occurrence of a similar sequence of reactions in these organ- 
isms. This sequence is the series of reactions catalyzed by 
transketolase and transaldolase. 


DISCUSSION 


The labeling of end products produced during the anaerobic 
dissimilation of D-xylose-1-C™ and t-arabinose-1-C' by E. coli 
is like that found with p- and tL-arabinose during dissimilation 
by Aerobacter aerogenes (4). In the latter organism, it is clear 
that the transketolase-transaldolase sequence operates. Thus, 
it appears that the same reactions occur in the xylose- and L- 
arabinose-grown E. coli. 

If it is assumed that pyruvic acid is the pivotal compound 
common to the end products of both fermentations, then the 
p-arabinose-1-C!* should have given rise to pyruvate-3-C" in 
order to satisfy the tracer patterns recorded in Table II. No 
fermentation pathway has been reported by which carbon atom 
1 of pentose can yield the B-carbon of pyruvic acid with an ap- 
proximate dilution of one-half of the original specific activity. 

The manometry data of Nutting and Carson (17), obtained 
during investigation of the fermentation of xylose by F. coli, 
suggest a possible mechanism to explain the difference between 
the two pentoses. These investigators, noting that COs was 
consumed during xylose fermentation, speculated that part of 
the lactic acid was synthesized by a condensation of COs: and 
a two-carbon moiety. They also observed that acid conditions 
increased both COz and lactic acid formation. Thus, the pos- 
sibility exists that two pyruvic acid- or lactic acid-synthesizing 
pathways were active in the cultures used in the present study. 
One pathway in the three pentose-grown organisms would yield 
pyruvate-3-C™; the other would lead to pyruvate-1-C* in xylose- 
and L-arabinose-grown cells and unlabeled pyruvate in p-arab- 
inose-grown cells. The insignificant C“Oz fixation indicates that 
the carboxyl carbon of lactic acid did not arise from COz. In 
addition, the similar distribution of isotope in the lactic acid 


“CHO H,"COH 4," COH H,COH 
HOCH HOCH co 
HCOH HCOH co HCOH co 
H,COH H,COH H, COH “CH, 
H,"COP 


D-orobitol-1-c'* D-xylulose-5-c O-fructose-6- pyruvote- 
phosphate-6-c" 3-c™ 
Fic. 1. A proposed pathway for the formation of pyruvate- 
3-C'4 from p-arabinose-1-C". 
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formed at both pH values suggests that the increased yield in 
lactic acid at the low pH is due to an effect of the hydrogen ion 
concentration on pyruvate metabolism rather than a difference 
in pathway. 

Based on the results recorded in this paper, Fig. 1 presents a 
pathway for the fermentation of D-arabinose-1-C'4. The p- 
arabinose-1-C" is inverted by reduction to a pentitol, with subse- 
quent oxidation to D-xylose-5-C™ which would enter the transke- 
tolase-transaldolase sequence yielding fructose 6-phosphate-6-C*, 
followed by a conversion of the hexose monophosphate to pyru- 
vate-3-C4 via classic glycolysis. Further metabolism would 
give rise to both the tracer distribution and specific activities 
observed in the end products. Experiments have been initiated 
to test this hypothesis. 

Another point of interest which may be considered is the syn- 
thesis of succinate. A comparison of the distribution of isotope 
in the succinic acid with that of the lactic acid suggests that the 
dicarboxylic acid is formed from pentose by a pathway similar 
to that postulated for glucose-grown cells, namely, the addition 
of CO. to a three-carbon moiety related to pyruvic acid (21). 


SUMMARY 


p-Xylose-1-C™, D-arabinose-1-C, and L-arabinose-1-C'* were 
dissimilated anaerobically by Escherichia coli strain K-12, grown 
in the presence of the corresponding sugars. The major products 
(ethyl alcohol, acetic acid, lactic acid, formic acid, succinic acid, 
and carbon dioxide) were assayed and the location of C“ deter- 
mined. The products from the p-xylose-1-C! and L-arabinose- 
1-C“ fermentations were labeled differently than those derived 
from D-arabinose-1-C fermentation. Lactic acid derived from 
p-xylose-1-C'4 and L-arabinose-1-C' had isotope located in both 
the methyl carbon and the carboxy] carbon, with approximately 
twice as much isotope in the methyl carbon as in the carboxy] 
group. D-Arabinose-1-C'* gave rise to methyl labeled lactic 
acid. This result may be explained by a hypothesis which as- 
sumes conversion of pentose to triose via the transketolase-trans- 
aldolase sequence. The difference in labeling of lactic acid from 
p-arabinose-1-C' as compared with p-xylose-1-C" or L-arabinose- 
1-C" indicates that while the p-arabinose entered the transketo- 


M. Gibbs and L. M. Paege 9 


lase reaction as D-xylulose 5-phosphate-5-C', the xylose and L- 
arabinose entered as D-xylulose 5-phosphate-1-C. 


REFERENCES 

1. Gest, H., anp LampEn, J. O., J. Biol. Chem., 194, 555 (1952). 

2. GiBBs, M., CocHraNng, V. W., Pagce, L. M., anp Wo In, H., 
Arch. Biochem. Biophys., 50, 237 (1954). 

3. ALTERMATT, H. A., BLackwoop, A. C., aND NEIsH, A. C., Can. 
J. Biochem. Physiol., 32, 622 (1955). 

4. Netsu, A. C. AND Simpson, F. J., Can. J. Biochem. and Physiol., 
32, 147 (1954). 

5. ALTERMATT, H. A., Stmpson, F. J., AND Netsu, A. C., Can. J. 
Biochem. and Physiol., 33, 615 (1955). 

6. Grpss, M., Earu, J. M., ano Ritcuie, J. L., J. Biol. Chem., 
217, 161 (1955). 

7. PagGe, L. M., anp GisBs, M., Bacteriol. Proc., 128 (1955). 

8. GrpBs, M., AND ParGe, L. M., Bacteriol. Proc., 128 (1955). 

9. MesBauM, W., Z. physiol. Chem., 258, 117 (1939). 

10. BONNISCHEN, R. K., AND THEORELL, H., Scand. J. Clin. & 


Lab. Invest., 3, 58 (1952). 

11. Barker, S. B., anp Summerson, W. H., J. Biol. Chem., 138, 
535 (1941). 

12. YALE, H. W., aNp BuepinaG, E., J. Biol. Chem., 198, 411 (1951). 

13. Netsu, A. C., Can. J. Research, B, 27, 6 (1949). 

14. UmBreItT, W. W., Burris, R. H., anp STAUFFER, J. B., Mano- 
metric techniques and related methods for the study of tissue 
metabolism, 3rd edition, Burgess Publishing Company, 
Minneapolis, 1957. - 

15. GrBss, M., Plant Physiol., 26, 549 (1951). 

16. KorKEs, S., DEL CAMPILLO, A., AND OcHoa, S., J. Biol. Chem., 
187, 891 (1950). 

17. Nuttine, L. A., anD Carson, S. F., J. Bactertol., 63, 575 
(1952). 

18. Stoxss, J. L., J. Bacteriol., 57, 147 (1949). 

19. Horecker, B. L., GipsBs, M., KLeENow, H., AND SMYRNIOTIS, 
P. Z., J. Biol. Chem., 207, 393 (1954). 

20. GipBs, M., anp Horecker, B. L., J. Biol. Chem., 208, 813 
(1954). 

21. STEPHENSON, M., Bacterial metabolism, 3rd edition, Longmans, 
Green & Company, Inc., New York, 1948. 

22. OsBuRN, O. L., Woop, H. G., anp WeERKMAN, C. H., Ind. Eng. 
Chem., Anal. Ed., 5, 247 (1933). 

23. Gunsauus, I. C., anp GiBBs, M., J. Biol. Chem., 194, 871 
(1952). 

24. Van Stryke, D. D., STEELE, R., aND Piazin, J., J. Biol. Chem., 
191, 298 (1951). 


ld 
l, 
ed 
u- 
ym 
| 
pe | 
ite 
ts 
for | 
in- } 
by 
vie 
oli 
) | 
on 
arf 
us, | 
nd 
the } | 
in | 
No 
om | 
ap- | | 
ed 
oli, 
een, 
e 
vas 
of 
and 
ons 
ing 
dy. 
ield 
OSe- | 
ab- 
hat | i 
vid 
| t 
| 4 
ate- 


THE oF BIoLoGicaL CHEMISTRY 
2 Vol. 236, No. 1, January 1961 
| Printed in U.S.A. 


Erythrocyte Glucose 6-Phosphate Dehydrogenase of Normal 
and Mutant Human Subjects 


PROPERTIES OF THE PURIFIED ENZYMES* 


PauLt A. Marks, ARIEH SZEINBERG,f AND J. BANKS 


From the Department of Medicine, Columbia University, College of Physicians and Surgeons, New York, New York 


(Received for publication, June 30, 1960) 


A deficiency in human erythrocyte glucose 6-phosphate dehy- 
drogenase may be genetically determined (1-4) or occur in nor- 
mal erythrocytes as they age in vivo (5, 6). The inherited glu- 
cose-6-P dehydrogenase deficiency, which is associated with 
hemolytic anemia upon exposure to a variety of agents, affords 
an opportunity in man to study further the mechanisms by which 
genes can lead to a decrease in the activity of an enzyme. 

The diminution in enzyme activity with erythrocyte aging in 
vivo is relatively selective in that, of the several enzymes studied, 
only glyceraldehyde 3-phosphate dehydrogenase shows a marked 
change similar to that of glucose-6-P dehydrogenase (6). This 
suggests that some specific property of glucose-6-P dehydrogenase 
may make it peculiarly susceptible to destruction as red cells age. 

The present investigation has been a study of the properties of 
glucose-6-P dehydrogenase purified from human erythrocytes. 
Elucidation of the factors determining the activity and stability 
of this enzyme is pertinent to the problems of (a) whether in 
mutant! subjects, glucose-6-P dehydrogenase deficiency reflects 
a qualitatively or quantitatively altered protein and, (b) the 
mechanism of the decrease in enzyme activity as erythrocytes 
age. 
Preliminary observations reported by Kirkman (7) and from 
this laboratory (8) have suggested that the red cell glucose-6-P 
dehydrogenase of normal and mutant subjects does not differ 
with regard to the properties of their catalytic site. In the 
present study, this dehydrogenase has been purified from eryth- 
rocytes of normal and Negro mutant subjects. Glucose-6-P, 
and particularly, triphosphopyridine nucleotide protect the en- 
zyme against thermal inactivation.2, The preparations of en- 
zyme from normal and mutant sources were found to be similar 
with respect to their stability properties, a wide variety of kinetic 
parameters, and in their electrophoretic mobility. 


EXPERIMENTAL PROCEDURE 


Materials—Glucose-6-P dehydrogenase purified from yeast 
(grade III), glucose-6-P, 6-P-gluconate, TPN, TPNH, DPN, and 


* This study was supported in part by Grants CY-2332 and RG- 
7368 of the United States Public Health Service. 

+ Visiting Scholar in Medicine. Present address, Government 
Hospital, Tel Hashomer, Israel. 

1 The term ‘‘mutant”’ is used to denote subjects whose erythro- 
cyte glucose-6-P dehydrogenase activity was below 4.5 standard 
deviations of the control mean value of 15,000 units per g of Hb. 

2 Thermal inactivation is used to designate the loss of enzyme 
activity upon incubation at 37° as compared with the relative 
stability of the enzyme at 0°. 
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ATP were purchased from the Sigma Chemical Company. 3. 
Acetylpyridine-*TPN and thionicotinamide-*TPN were kindly 
supplied to us by Dr. N. O. Kaplan. TPNH diaphorase was 
prepared by the method of Avron and Jagendorf (9). 

Analytical Methods—Glucose-6-P dehydrogenase and 6-P- 
gluconic dehydrogenase were assayed spectrophotometrically (10, 
11). The glucose-6-P dehydrogenase assay was performed in a 
cuvette, with a light path of 1 cm, containing 0.5 ml of 0.25 m 
glycylglycine buffer, pH 7.6, 0.5 ml of 0.1 m MgCl, 0.1 ml of 2.5 x 
10-3 m TPN, 0.5 ml of 0.01 m glucose-6-P, enzyme, and water toa 
total volume of 2.5 ml. For 6-P-gluconic dehydrogenase assay, 
0.5 ml of 0.01 m 6-P-gluconate was added instead of glucose-6-P. 
Hexokinase was assayed according to the method of Kornberg 
(12). Spectrophotometric measurements were made with a 
Cary model 14 spectrophotometer equipped with a slide wire with 
a range of 0 to 0.1 optical density units, or a Beckman model DU 
spectrophotometer. <A unit of activity of these enzymes is de- 
fined as the amount of enzyme required to give an increase in 
optical density at 340 my of 0.001 per minute. 

The fluorescence activation and emission spectra of the enzyme 
preparations was determined with a Farrand spectrophotofluor- 
ometer. Hemoglobin was determined spectrophotometrically in 
a solution of 0.04% NH,OH at 540 mu. Protein was determined 
by the method of Lowry et al. (13). 

Electrophoresis Studies—The electrophoretic mobility of pur- 
fied glucose-6-P dehydrogenase in starch gel was carried out as 
described by Markert et al. (14). The electrophoresis was 
performed in 0.03 m borate buffer, pH 8.6, or 0.03 m Tris buffer, 
pH 7.4, at 4° for 16 to 24 hours. After this period, the dehy- 
drogenase was identified directly on the starch gel. The starch 
gel was split horizontally, placed in a tray, and overlayed toa 
depth of 2 mm with a 1.5% agar solution containing 0.05 M glu- 
cose-6-P, 3 X 10-4 m TPN, 0.01 m MgCl, TPNH diaphorase, 
0.03% methylene blue, and 0.025% neotetrazolium chloride. 
The tray was covered with a cellophane sheet and placed at 4° to 
allow the agar to gel; it was then placed in a dark incubator at 30° 
for about 1 to 6 hours. The dehydrogenase activity was identi- 
fied by the precipitation of a purple formazan dye in the agar 
gel. 


Purtfication of Erythrocyte Glucose-6-P Dehydrogenase 


Source of Erythrocytes—The blood processed was either freshly 
drawn or obtained from the blood bank, where it had been stored 
at 4° for periods of about 1 month. Blood was prevented from 
clotting with a mixture containing per 100 ml, 1.32 g of sodium 
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citrate, 0.44 g of citric acid, and 1.47 g of dextrose. Four parts 
of blood were mixed with one part of the anticoagulant mix- 
ture. No differences were noted in the enzyme purification 
starting with the freshly drawn or stored blood. Glucose-6-P 
dehydrogenase was purified from the erythrocytes of 17 subjects 
with normal levels of activity of this enzyme, as well as from 
seven Negroes with a marked deficiency in the activity of the 
enzyme. 

Preparation of Hemolysates—The following procedure was 
carried out at 4°. Whole blood (generally 500 ml) was centri- 
fuged at 2000 xX g for 10 minutes and the supernatant plasma 
solution removed and discarded. The sedimented erythrocytes 
were washed three times with 4 volumes of isotonic KC] buffered 
at pH 7.4 and the washes discarded. The washed red cells were 
lysed by addition of 4 volumes of cold distilled H,O. The hemo- 
globin concentration of the resulting lysate was adjusted to 0.035 
g per ml by addition of water. This lysate was permitted to 
stand for 45 minutes to allow for more complete hemolysis. 

First Ammonium Sulfate Precipitation—The hemolysate was 
made 35% saturated by the addition of 19.4 g of ammonium sul- 
fate per 100 ml of solution and allowed to stand for 5 minutes. 
After centrifugation at 25,000 x g for 30 minutes, the superna- 
tant solution was recovered and the precipitate discarded. This 


_ supernatant solution was made 55% saturated by addition of 


11.8 g of ammoniun sulfate per 100 ml of solution and allowed 
to stand for 5 minutes. The resulting precipitate was collected 
by centrifugation at 18,000 x g for 8 minutes and dissolved in 
about 25.0 ml of 0.25 m glycylglycine buffer, pH 7.6. This solu- 
tion was centrifuged at 4000 x g for 8 minutes and the resultant 
supernatant recovered (ammonium sulfate Fraction I). 

Calcium Phosphate Gel Adsorption and Elution—The calcium 
phosphate gel used in this procedure was prepared within 2 weeks 
of its use (15). The minimal amount of calcium phosphate gel 


required to adsorb a maximal amount of the enzyme activity 


was determined with small aliquots of the Ammonium Sulfate I 
preparation. Generally, 14 ml of calcium phosphate gel per 1.0 
ml of Ammonium Sulfate I was found optimal. After addition of 
the gel to the Ammonium Sulfate I, the mixture was allowed to 
stand for 10 minutes before centrifugation at 18,000 x g. The 
precipitate was recovered and the enzyme eluted with 10 volumes 
of 0.1 m phosphate buffer, pH 7.6, per volume of Ammonium 
Sulfate I (gel eluate). 

Second Ammonium Sulfate Precipitation—To the gel eluate, 
16.4 g of ammonium sulfate per 100 ml of solution were added, 
and the mixture was allowed to stand for 5 minutes. After cen- 
trifugation at 18,000 x g for 10 minutes, the precipitate was 
discarded. The supernatant solution was made 50% saturated 
by the addition of 11.7 g of ammonium sulfate per 100 ml of 
solution and allowed to stand for 5 minutes. The precipitate 
was collected by centrifugation at 18,000 x g for 10 minutes and 
dissolved in about 3.0 ml of 0.25 m glycylglycine buffer, pH 7.5 
(ammonium sulfate Fraction II). 

As shown in, Table I, this procedure resulted in an approxi- 
mately 500-fold purification with a recovery of about 50% of the 
glucose-6-P dehydrogenase activity of the erythrocytes of both 
normal subjects and mutant Negroes. Although the degree of 
purification is about the same for the enzyme from normal and 
mutant red cells, glucose-6-P dehydrogenase from normal sub- 
jects had a significantly higher specific activity, presumably the 
result of the marked difference in the enzyme activity of the 
starting material. 
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TABLE I 


Purification of glucose-6-P dehydrogenase from erythrocytes of 
normal and mutant subjects* 


Normal Mutant 
Procedure 
Total units | Total units 
units/mg units/mg 
protein | protein 
Crude hemolysate. .. 340 6.5 40 0.6 
Ammonium sulfate 
Fraction I......... 282 249 32 10.0 
CaPO, gel eluate. ... 211 1203 23 74.0 
Ammonium sulfate 
Fraction II........ 182 3320 22 270.0 


* The normal subject had a red cell glucose-6-P dehydrogenase 
of 15,300 units per g of Hb. The mutant subject was a Negro 
male with red cell glucose-6-P dehydrogenase activity of 2100 
units per g of Hb. 


The purification of the enzyme from erythrocytes of two af- 
fected Caucasian males was attempted. In general, mutant 
Caucasian males compared with mutant Negro males have a 
significantly lower glucose-6-P dehydrogenase activity in their 
erythrocytes (16). The red cell enzyme activities of affected 
Caucasian males average less than 3%, whereas those of affected 
Negro males average about 15% of the mean value for normal 
subjects. The two Caucasian males had very low levels of eryth- 
rocyte enzyme activities, 1.e. below 0.5 units per g of Hb. Glu- 
cose-6-P dehydrogenase of the erythrocytes of these subjects 
could be purified only 10-fold with a yield of about 30%. These 
preparations were inadequate for studies comparable to those 
with enzyme purified from Negro mutant or normal subjects. 


RESULTS 


Stability and Purity—The purified enzyme preparation can be 
stored in the frozen state for at least 4 months without significant 
loss of activity. The ammonium sulfate Fraction II is contami- 
nated with less than 0.1% 6-P-gluconic dehydrogenase and less 
than 0.2% hexokinase activity relative to glucose-6-P dehy- 
drogenase activity. ; 

pH Optimum—Variation in pH between 5.5 and 10.0 had a 
similar effect on the activity of the normal and mutant enzymes 
under the conditions of the standard assay procedure. The pH 
was varied with the following buffers: 0.05 M trismaleate, pH 5.5 
to 7.8, 0.05 m glycylglycine, pH 7.0 to 9.0, and 0.05 m glycine, pH 
9.0 to 10.4. The maximal activity was obtained over a pH 
range between 8.0 and 9.0. 

Comparison of Substrate A finity Constants and Inhibitor Effects 
—The normal and mutant enzymes do not differ with respect to 
the Michaelis constants, K,, for glucose-6-P and TPN. The 
K,, of the normal enzyme for glucose-6-P is 3.5 X 10-5 m and 
that of the mutant enzyme, 6.0 x 10-5 m. The K,, for TPN is 
4.2 10-° m for the normal enzyme and 6.5 10-* for the 
mutant enzyme. 

The TPN analogues, 3-acetylpyridine-*TPN or thionicotin- 
amide-*TPN, do not replace TPN as cofactors for the purified 
normal or mutant red cell glucose-6-P dehydrogenase. When 
3-acetylpyridine-*TPN was substituted for TPN in the standard 
assay procedure, a rate less than 5% of that observed with com- 
parable concentrations of TPN was found. No change in optical 
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density was observed when 5 X 10-4 m thionicotinamide-*TPN 
was substituted for TPN in the assay system. Both 3-acetyl- 
pyridine-*TPN and thionicotinamide-TPN are competitive in- 
hibitors of the mutant and normal enzymes (Fig. 1). The A; 
for 3-acetylpyridine-*TPN is 3.0 X 10-°M for the normal enzyme 
and 5.0 X 10-5 m for the mutant enzyme. The KA; values for 
thionicotinamide-*TPN are 1.7 X 107° M and 1.3 X 10-5 M, 
respectively. 

Both the normal and mutant enzymes are inhibited by nicotin- 
amide. This inhibition is competitive with TPN, and the A; of 
the normal enzyme is 3.8 X 10-? M and that of the mutant en- 
zyme is 6.5 X 10? Mm. This difference in K; was not significant. 

Dehydroisoandrosterone has been shown to be a potent inhibi- 
tor of mammalian glucose-6-P dehydrogenase (17, 18). This 
inhibition is noncompetitive with respect to either TPN or glu- 
cose-6-P (17). Dehydroisoandrosterone inhibited the activity 
of the enzyme prepared from normal subjects and that from 


—--- Normal Enzyme 
—— Mutont Enzyme 
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Fic. 1. Inhibition by 3-acetylpvridine-*TPN (left) and by 
thionicotinamide-*TPN (right) of the activity of glucose-6-P de- 
hydrogenase purified from normal or from mutant subjects at 
various TPN concentrations. The reaction mixture contained 0.5 
ml of 0.25 m glycylglycine buffer, pH 7.6, 0.5 ml of 0.1 mM MgCle, 
0.5 ml of 0.01 m glucose-6-P, enzyme with (O) or without (@) the 
addition of the TPN analogue. 3-Acetylpyridine-*TPN was pres- 
ent in a final concentration 9.6 X 10-5 Mm. Thionicotinamide- 
*TPN was present in a final concentration of 5 X 107° am. 


Normal G6PD, added Mg** 
*---x Mutant G6PD, » 
o——o Normal G6PD, no added Mg** 
e---* Mutant G6PD, » 


Activity (% of Maximal Activity ) 


L 
0.02 003 0.04 0.05 


EDTA (M) 

Fic. 2. Effect of EDTA in the presence and absence of added 
MgCl: (0.01 mM) on glucose-6-P dehydrogenase activity. EDTA 
was added to the reaction mixture as a 50 mg per ml solution, 
pH 7.4. 
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Normal 


ENZYME ACTIVITY (% of initial Activity) 
3 


TIME (minutes) 


Fia. 3. Effect of preincubation at 37° of glucose-6-P dehydro- 
genase purified from red cells of normal (left) and mutant (right) 
subjects. The enzyme activity is plotted on a logarithmic scale. 
The normal enzyme ‘‘undiluted’’ was incubated in a concentra- 
tion of 5.5 mg of protein per ml with a specific activity of 2930 
units per mg of protein. The mutant enzyme “‘undiluted”’ was 
incubated in a concentration of 5.7 mg of protein per ml with a 
specific activity of 360 units per mg of protein. All incubations 
were in 0.25 Mm glycylglycine buffer pH 7.6, and all dilutions indi- 
cated in the graphs were made with this buffer. 


mutant subjects to a similar extent. Thus, at 5 X 10-5 m dehy- 
droisoandrosterone, the activity of both enzyme preparations 
was inhibited 70%, and at 5 X 10-7 M, both were inhibited 10%. 

It has been reported (19, 20) that glucose-6-P dehydrogenase 
purified from yeast required Mg** for its optimal activity. The 
purest preparations of red cell enzyme showed, in the absence of 
added Mg*+t, approximately 70% of the maximal activity. The 
concentration of Mg*+ required to obtain maximal enzyme activ- 
ity was 0.01 m for both the normal and mutant enzymes. In the 
absence of added Mg**, the addition of sodium EDTA? in con- 
centrations as high as 0.043 m to preparations of purified enzyme 
did not reduce the activity of the enzyme (Fig. 2). This suggests 
that these preparations of glucose-6-P dehydrogenase do not 
have an absolute requirement for Mg++. Addition of sodium 
EDTA in the presence of 0.01 m MgCl. resulted in inhibition of 
the activity of the purified enzyme. As indicated in Fig. 2, at 
an EDTA concentration of 0.017 m in the presence of 0.01 m 
MgCl., an EDTA-Mg++ enzyme complex is formed which is 
markedly inhibitory to erythrocyte glucose-6-P dehydrogenase 
activity, and at higher and lower EDTA concentrations the com- 
plex formed is less inhibitory. The concentration-inhibition 
curve for EDTA was similar for the normal and mutant enzyme 
(Fig. 2). 

Thermostability and Activation of Normal and Mutant Glucose- 
6-P Dehydrogenase—Preincubation of undiluted preparations of 
glucose-6-P dehydrogenase purified from normal subjects at 37° 
resulted in an increase in enzyme activity (Fig. 3). The pre- 
incubation period required to observe maximal activation varied, 
but was generally between 1 and 4 hours. Preparations of 
purified mutant enzyme showed similar, but smaller, increments 
in activity after incubation at 37°. Thus, the increase in activity 
of the preparations of normal enzyme ranged between 1.5- and 
3.0-fold, and that of the preparations of mutant enzyme, between 
1.2- and 2.0-fold. This difference was not dependent on the 
protein concentration. The activation of the enzyme was tem- 
perature-dependent. Maximal stimulation was obtained at 30°, 
and smaller effects were noted at 25° and 37°. Generally, no 
activation of purified normal or mutant preparations was ob- 
served during incubation at 0°. Fifty per cent of either the 


3 The following abbreviation is used: EDTA, ethylenediamine- 
tetraacetate, disodium salt. 
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normal or mutant enzyme activity was lost after incubation at 
45° for 12 minutes. 

The noted activation of glucose-6-P dehydrogenase after pre- 
incubation does not involve any alteration in the affinity of the 
enzyme for its substrates, glucose-6-P or TPN, but is associated 
with an increase in the observed Vmax. Thus, the K, of normal 
enzyme for glucose-6-P is 3.5 X 10-5M and for TPN is 4.2 x 107° 
mu. After preincubation at 37°, which resulted in a 260% increase 
in activity, the A,, for glucose-6-P is 3.8 x 10->m and for TPN is 
49 x 10-*m. The K,, of the mutant enzyme for glucose-6-P is 
3.0 X mand for TPN is 6.5 After preincubation 
at 37°, which yielded a 190% increase in activity, the K, for 
glucose-6-P is 4.0 X 10-5 m and for TPN is 6.7 x M. 

Effect of Dilution on Stability of Glucose-6-P Dehydrogenase—It 
was observed (Fig. 3) that dilution of normal or mutant enzyme 
preparations was associated with a loss of activation. Further, 
the stability of both enzymes decreased with dilution. At the 
higher dilutions, the kinetics of the loss in activity of the enzymes 
was first order (Fig. 3). With both the normal and mutant en- 
zyme preparations, a point was reached beyond which additional 
dilution did not further decrease their stability. At thesedilutions, 
the time required for the loss of 50% of the initial activity was 
determined for normal and mutantenzymes. The average t,,, for 
normal enzyme preparations was 40 minutes and for mutant en- 
zyme preparations, 44 minutes.‘ This difference was not statis- 
tically significant. The effect of dilution on preparations of glu- 
cose-6-P dehydrogenase could reflect the dissociation from the 
enzyme of a factor necessary for its activation and stability. No 
definitive evidence for this possibility has been obtained. 

Effect of TPN on Glucose-6-P Dehydrogenase Thermostability— 
It was found that the thermostability of glucose-6-P dehydro- 


- genase activity in crude hemolysates and in leukocyte lysates was 


enhanced by addition of TPN in final concentration as low as 
1 X 1077 mM (21). In addition, it has previously been reported 
that TPN stabilized the enzyme partially purified from eryth- 
rocytes (7, 8). A study has been made of the relative effective- 
ness of TPN in stabilizing glucose-6-P dehydrogenase purified 
from normal and from mutant subjects. The enzyme prepara- 
tions were diluted with the minimal amount of 0.25 M glyclyglcine 
buffer, pH 7.6, necessary to achieve the lowest value of t for en- 
zyme activity at 37°. It was found that the addition of TPN, in 
increasing concentrations between 1 10-* Mand 1 X 10-*M, 
was associated with a progressive increase in the stability of both 
the normal and mutant enzymes (Fig. 4). With the higher con- 
centrations of TPN employed, there was consistently observed 
a 20 to 30% increase of enzyme activity as determined after 10 
to 20 minutes of preincubation at 37°. As illustrated in Fig. 4, 
at each concentration of TPN (at the higher concentration, after 
an initial activation), the decline in enzyme activity during in- 
cubation followed first order kinetics. The t for the decay in 
enzyme activity at each concentration of TPN was determined. 
These data were employed for a Lineweaver-Burke (22) type 
plot in which the abscissa represented the reciprocal of the con- 
centration of TPN used to stabilize the enzyme, and the ordinate 
was the reciprocal of the difference between the half-time of decay 
of enzyme activity in the presence and in the absence of added 
TPN (23). Such a plot generally yielded Michaelis-Menten 
kinetics (24). From these curves, a kinetic constant was cal- 
culated, K,, akin to the Michaelis constant, which expressed in 


‘These values represent the meaps for 11 studies with normal 
enzyme and seven studies with mutant enzyme preparations. 
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NO. NQ th 
| NONE 39 1 NONE 37 
2 Oil 40 2 38 
4 065 45 — 

5 086 47 5 086 46 
6 108 54 6 108 54 
7 432 64 7 432 80 


Enzyme Activity (Units ml) 
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Fic. 4. Effect of TPN, in varying concentrations, on the sta- 
bility of glucose-6-P dehydrogenase purified from erythrocytes of 
normal (left) and mutant (right) subjects. The enzyme activity 
is plotted on a logarithmic scale. The enzyme preparations were 
diluted in 0.25 m glycylglycine buffer pH 7.6. The normal enzyme 
had a specific activity of 3234 units per mg of protein and was 
incubated at a protein concentration of 0.031 mg per ml. The 
mutant enzyme had a specific activity of 390 units per mg of pro- 
tein and was incubated at a protein concentration of 0.33 mg per 
ml. These enzyme preparations were incubated at 37° with vary- 
ing concentrations of TPN as indicated for Curves 2 through 7 
(left) and Curves 2 through 8 (right). 


terms of concentration the relative effectiveness of TPN in sta- 
bilizing preparations of normal and mutant enzyme. The K, for 
TPN was similar for the normal and mutant enzymes, namely, | 
6.5 10-§m and 5.3 M, respectively. The A, for TPN 
is of the same order of magnitude as the K,, for TPN. 

The pogsibility that TPN might reactivate the inactivated 
enzyme was investigated. In these experiments, the enzyme 
preparations were diluted in 0.25 m glycylglycine buffer pH 7.6, 
to a concentration at which the & for the stability of the enzyme 
was minimal. Incubation was carried out at 37°. The addition 
at zero time of TPN at concentrations as high as 5 X 10-* m 
resulted in a slight increase in the activity of the enzyme during 
the initial 15 minutes of incubation. Thereafter, the glucose- 
6-P dehydrogenase activity was stable for at least 1 hour. Ad- 
dition of this amount of TPN to aliquots of the enzyme solution 
at subsequent times during the incubation caused a stabilization 
of the remaining enzyme activity, but was not associated with 
any reactivation of the enzyme. These studies suggest that the 
loss in enzyme activity during incubation at 37° involves an ir- 
reversible inactivation of the enzyme. 

The specificity of TPN stabilization of glucose-6-P dehydro- 
genase wasinvestigated by determining the effect of TPNH, DPN, 
and glucose-6-P on the stability of the enzyme. In studies sim- 
ilar to that illustrated in Fig. 4, TPNH, DPN, or glucose-6-P 
was substituted for TPN. TPNH, evaluated in terms of K,, 
was as effective, if not slightly more effective, than TPN in sta- 
bilizing purified preparations of normal and mutant glucose-6-P 
dehydrogenase. DPN in concentrations as high as 1.4 « 10-5 
M had no stabilizing action on glucose-6-P dehydrogenase prep- 
arations. Glucose-6-P could protect the enzyme against inacti- 
vation at 37°. However, the K, for glucose-6-P was consider- 
ably higher than that for TPN. The K, values for glucose-6-P 
for the normal and mutant enzyme preparations were 1.5 X 
10-3 m and 3.1 X 10-* M, respectively. 

Other substances tested, including glucose, reduced gluta- 
thione, ribose, and inosine, in concentrations as high as 1 x 10-3 
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Fluorescence Intensity 


Fic. 5. The fluorescence activation and emission band of free 
TPNH (A and A’), normal purified glucose-6-P dehydrogenase 
(B and B’), and mutant purified glucose-6-P dehydrogenase (C 
and C’). The curves on the left are the activation bands for 
fluorescence measured at the emission maximum. The curves on 
the right are the emission bands of TPNH and enzyme prepara- 
tions excited at the activation maximum. The ordinate desig- 
nated “fluorescence intensity’’ is scaled in arbitrary units. 
These units depend upon the amplification of the signal which 
is employed in a particular study. 


M, had little effect or no effect in stabilizing glucose-6-P dehydro- 
genase activity during preincubation at 37°. 

During purification of glucose-6-P dehydrogenase from red 
cells, it was noted that the thermostability of the enzyme ap- 
peared to be enhanced by ammonium sulfate. Various other 
salts were tested for their stabilizing effect on the enzyme. ' Thus, 
preparations of glucose-6-P dehydrogenase purified from normal 
or from mutant subjects were diluted with water, 0.44 Mm (NH,)e- 
SO,, 0.44 m Na2SO,, 0.88 m NH,Cl, or 0.88 mM NaCl to a protein 
concentration of about 0.4 mg per ml. The percentage of en- 
zyme activity at zero time remaining after incubation at 37° 
for 2 hours was 60% in (NH4)2SOx,, but only 10 to 18% in water 
or Na2SQ, solutions, and none in NH,Cl1 or NaCl solutions. 

Effect of Nicotinamide on Glucose-6-P Dehydrogenase Thermo- 
stability— Nicotinamide, in concentrations of 0.005 m or greater, 
when preincubated with normal or mutant enzyme preparations 
at 37° could prevent the activation of the enzyme. Increasing 
the concentration of nicotinamide between 0.005 M and 0.2 m 
was associated with a progressive decrease in the thermostability 
of the normal and mutant enzyme. For example, incubation of 
the enzyme preparations with 0.1 M nicotinamide in 0.25 M gly- 
eylglycine buffer pH 7.4, for 1 hour at 37° was associated with 
about a 40% decrease in enzyme activity, in contrast to a 20 
to 50% increase in activity observed under identical conditions 
of incubation in the absence of nicotinamide.® The effect of 0.1 
M nicotinamide in decreasing the stability of the glucose-6-P 
dehydrogenase could be prevented by addition of 1 XxX 10-5 m 
TPN. 

Fluorescence Activation and Emission Spectra of Glucose-6-P 
Dehydrogenase—Prepara ions of the enzyme purified from nor- 


5 In studies of the effect of nicotinamide on glucose-6-P de- 
hydrogenase thermostability, all assays for enzyme activity were 
performed in the standard mixture save that the TPN concentra- 
tion was increased 10-fold to counter nicotinamide inhibition of 
glucose-6-P dehydrogenase activity in the assay system. 
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mal and mutant me show identical fluorescence activation 
and emission spectra (Fig. 5) characteristic of reduced pyridine 
nucleotide-enzyme complex (25, 26). Thus, the fluorescence ac- 
tivation spectrum of preparations of both the normal and mutant 
enzyme had a maximum at 350 my® which corresponded to that 
of free TPNH. A second peak in the activation spectrum of the 
enzyme preparations was present at 290 muy, corresponding to 
the 280 my absorption band which is characteristic for proteins. 
The emission spectrum of the preparations of glucose-6-P de- 
hydrogenase revealed a maximum at 440 my, compared to the 
free TPNH which has a maximal emission intensity at 460 mu 
(Fig. 5). Boyer and Theorell (25) first reported that enzyme- 
bound DPNH was characterized by a fluorescence emission 
spectrum which has a maximum shifted toward the ultraviolet 
compared to that of free DPNH. As Velick (26) has shown, 
an enzyme-DPNH complex may or may not reveal a shift in 
activation maximum relative to the unbound reduced pyridine 
nucleotide. Attempts remove glucose-6-P dehydrogenase- 
bound pyridine nucleotide*by charcoal treatment and to recover 
active enzyme were unsuccessful. Thus, mixing acid-washed 
Norit A suspended in 0.1 mM Tris buffer, pH 7.6, in proportions 
which varied between 2.1 to 21 mg of Norit per mg of protein 
was associated with a loss in enzyme activity which ranged be- 
tween 30 and 75% with the increasing amounts of Norit. This 
Norit treatment of the enzyme was not associated with a disap- 
pearance of the fluorescence absorption and emission spectra 
illustrated in Fig. 5. Preincubation of preparations of glucose- 
6-P dehydrogenase with 0.1 M nicotinamide or 5 X 10-5 M p- 
chloromercuribenzoate for 15 minutes at 24°, which yielded in- 
active enzyme preparations, did not result in an alteration in 
the fluorescence activation or emission maxima at 350 my and 
440 mu, respectively. Heat inactivation of the enzyme was as- 
sociated with a loss in these fluorescence properties. In view of 
the fact that attempts to remove the pyridine nucleotide from 
the purified enzyme were unsuccessful, these data can only be 
considered suggestive of a glucose-6-P dehydrogenase-bound 
TPNH complex. 

Electrophoretic Mobility of Glucose-6-P Dehydrogenase Prepara- 
tions—The electrophoretic mobilities of glucose-6-P dehydro- 
genase purified from red cells of normal and mutant Negro sub- 
jects were compared in two different buffer systems: 0.03 m 
borate buffer at pH 8.6 and 0.03 m Tris buffer at pH 7.4. No 
electrophoretic differences were observed between the normal 
and mutant enzyme preparations. The electrophoretic mobility 
of glucose-6-P dehydrogenase purified from yeast was distinctly 
faster in both buffer systems than that of the red cell dehydro- 
genase. The glucose-6-P dehydrogenase of human erythrocytes 
and of yeast showed one band with enzyme activity, in both 
buffer systems. 

Effect on Enzyme Activity of Mixing Normal and Mutant Prep- 
arations of Glucose-6-P Dehydrogenase—The possibility that the 
genetically determined deficiency in glucose-6-P dehydrogenase 
reflects the lack of an activator or presence of an inhibitor has 
been examined by determining the activity of mixtures of the 
enzyme purified from normal and from mutant subjects. If 
differences between the two preparations of enzyme exist with 
respect to the concentrations of an activator or of an inhibitor, 


6 No corrections have been applied to the activation or emission 
spectra. The results cited for the preparations of enzymes were 
compared to those obtained with free TPNH during the same 
experiment. 
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the activity of a mixture of the two enzymes might reflect an 
interaction effect and not a simple summation of the individual 
rates. 

Aliquots of normal and mutant enzyme preparations were 
mixed in varying proportions and allowed to stand for 5 minutes 
before assay for the activity of the mixture. The activity of 
the separate aliquots of normal and mutant enzyme preparations 
was determined simultaneously with that of the mixture. The 
enzyme activity of the mixture was found to exceed the expected 
activity (based on a summation of the enzyme activities of the 
aliquots) by 10 to 30% in 16 of 27 experiments and was lower 
than the expected activity in two studies. Similar results were 
obtained whether the preparations of normal or mutant enzyme 
employed were purified about 500-fold or only 50-fold, relative 
to the crude hemolysate. Although activation of glucose-6-P 
dehydrogenase may have occurred in certain experiments upon 
mixing normal and mutant enzyme preparations, the effects were 
small and too variable to permit conclusions. 

Effect of Red Cell Stroma on Glucose-6-P Dehydrogenase Ac- 
tivity—Recently, Rimon et al. (27) reported that stroma pre- 
pared from normal red cells hemolyzed by gradual osmotic lysis 
could increase the glucose-6-P dehydrogenase activity of mutant, 
but not normal, hemolysates. No increase in dehydrogenase 
activity of mutant hemolysates was noted upon addition of red 
cell stroma prepared from mutant subjects. These data were 
interpreted as indicating that an activator of glucose-6-P de- 
hydrogenase was lacking in mutants. An attempt has been 
made to repeat these observations. The addition of normal 
stroma to mutant hemolysates was associated with an increment 
in dehydrogenase activity which was somewhat greater than 
that observed upon addition of normal stroma to normal hemoly- 
sate (Table II). However, upon addition of normal stroma to 
1.0 m NaCl or to boiled hemolysate, an amount of glucose-6-P 
dehydrogenase activity was recovered comparable in amount to 
the observed increment in enzyme activity upon addition of 
normal stroma to hemolysate.’ This suggests that the increase 
in enzyme activity observed upon addition of normal stroma to 
hemolysate may result from glucose-6-P dehydrogenase lysed 
or “eluted”? from the stroma, rather than from the presence of 
an activator of the enzyme. In the study of Rimon et al. and, 
to a less striking extent, in the present study, the addition of 
normal stroma to normal hemolysate did not give a similar in- 
erease in glucose-6-P dehydrogenase activity as when added to 
mutant hemolysate. Further studies are required to clarify the 
significance of this observation. 

A study was made of the effect of red cell stroma on prepara- 
tions of glucose-6-P dehydrogenase purified from normal and 
mutant subjects. Normal and mutant stroma preparations had 
similar effects on the activity of the purified enzymes (Table II). 
The supernatant fluid recovered from the mixtures of stroma 


_ and purified enzymes had higher enzyme activity than that of 


the mixtures of boiled stroma and purified glucose-6-P dehydro- 
genase. It is unlikely that this difference in activity reflects 
glucose-6-P dehydrogenase which was present in the stroma, 
since the normal and mutant stroma had the same effect. It 
is possible that fresh stroma prepared from normal or from mu- 


‘It has been demonstrated previously that stroma prepared 
fom human erythrocytes by gradual osmotic lysis may retain 
hemoglobin and other constituents, and that such stroma prepara- 
tions can be further lysed (29). 


P. A. Marks, A. Szeinberg, and J. Banks 15 


TaBLeE II 


Effect of red cell stroma on glucose-6-P dehydrogenase activity in 
purified preparations and crude hemolysates from normal and 
mutant subjects 


Stroma preparation? 


Preparation added to Stroma 
Boiled® 


Normal | Mutant 


enzyme activity (units/ml) 


Normal hemolysate®............ 23.5 26.1 23.1 
Boiled normal hemolysate...... 0 3.3 0.3 
Mutant hemolysate............ 6.6 11.2 6.9 
Boiled mutant hemolysate...... 0 4.4 0.4 
Purified normal enzyme?...... 12.9 14.0 15.0 
Purified mutant enzyme........ 9.9 11.2 12.0 


«Stroma was prepared by a modification of the method of 
Danon et al. (28). Erythrocytes, washed three times with 0.15 m 
NaCl, were suspended in 40 volumes of 0.1 m NaCl and dialyzed 
against 0.015 m NaCl for 15 hours at 4°. The stroma was re- 
covered by centrifugation of the contents of the dialysis bag at 
28,000 X g for 20 minutes and washed three times with 0.015 m 
NaCl. Glucose-6-P dehydrogenase activity is expressed as units 
of enzyme activity per ml of the incubation mixture. The figures 
indicated are the mean values for 10 experiments. 

>’ Hemolysates were prepared from erythrocytes by the method 
previously described (27). Boiled hemolysates and boiled stroma 
were prepared by heating the preparations at 100° for 5 minutes. 

¢ The stroma (dry weight, 15 mg per ml) and hemolysate, puri- 
fied enzyme preparation, or NaCl solution were mixed in equal 
volumes, allowed to stand for 5 minutes at 24°, and then centri- 
fuged at 28,000 X g for 3 minutes. An aliquot of the clear su- 
pernatant fluid was taken for determination of glucose-6-P de- 
hydrogenase activity. Boiled stroma was found to have no effect 
on glucose-6-P dehydrogenase activity of hemolysates and was 
used as a control. Incubation of the mixtures for longer than 5 
minutes at 24° or 37° was not associated with any increase in en- 
zyme activity in the supernatant fluid. Similar results were ob- 
tained whether the hemolysates employed were prepared from 
mutant Negroes or mutant Caucasians. 

¢ The preparations of purified enzyme were diluted in 0.25 m 
glycylglycine buffer pH 7.4. 


tant subjects has a stabilizing effect on the purified dehydro- 
genase which is lost on boiling the stroma. 


DISCUSSION 


Glucose-6-P dehydrogenase purified from red cells of normal 
subjects and Negroes with a genetically determined deficiency 
of this enzyme have been found not to differ with respect to the 
properties of their catalytic site, stability characteristics, flu- 
orescence spectra, or electrophoretic mobility. Thus, no evi- 
dence has been obtained to indicate that the deficiency in glu- 
cose-6-P dehydrogenase activity in these mutant subjects reflects 
the production of an altered enzyme. 

In the present study, glucose-6-P dehydrogenase was shown 
to be activated upon incubation at 37°, suggesting that the en- 
zyme may exist in an inactive, as well asin an active form. Prep- 
arations of normal glucose-6-P dehydrogenase were generally 
activated to a greater degree than preparations of mutant glu- 
cose-6-P dehydrogenase. This finding could reflect the presence 
of larger amounts of an inactive form of the enzyme in the nor- 
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mal preparations. Alternatively, the greater activation of nor- 
mal glucose-6-P dehydrogenase preparations might result from 
the presence of larger amounts of a substance necessary for the 
conversion of the enzyme from an inactive to an active form. 
Attempts to demonstrate the presence of an activator of glucose- 
6-P dehydrogenase either in preparations of the enzyme purified 
from normal subjects, or in red cell stroma prepared from normal 
subjects, have been inconclusive. 

Although the present study has provided no evidence that 
hereditary glucose-6-P dehydrogenase deficiency reflects the 
formation of an altered protein, the possibility has not been ex- 
cluded that an inactive enzyme-like molecule, analagous to that 
described in certain mutant microorganisms (30), is produced in 
mutant subjects. 

Several laboratories (21, 31-33) have reported that glucose-6-P 
dehydrogenase in crude hemolysates of mutant subjects is less 
stable than the enzyme in hemolysates of normal persons during 
incubation at 37°. However, this difference in glucose-6-P de- 
hydrogenase stability between normal and mutant subjects is 
not observed in hemolysates from which the stroma has been 
removed (31). In lysates of leukocytes of mutant Negroes and 
those of normal persons, the thérmostability of glucose-6-P de- 
hydrogenase was found to be similar (21). On the basis of the 
present study, the decreased thermostability of the enzyme in 
mutant hemolysates appears to reflect an alteration in the mutant 
which is not detected upon purification of the enzyme. 

There are several reports of the stabilization of an enzyme 
by its substrate or coenzyme (34-37). The protection of glu- 
cose-6-P dehydrogenase by TPN and glucose-6-P against inac- 
tivation by heat or upon dilution suggests that the substrate 
and coenzyme are important to the maintenance of a stable 
structure of this protein. There is another aspect of this sta- 
bilization which is of possible physiological significance. A 
factor is present in the stroma of red cells which can specifically 
bring about the inactivation of glucose-6-P dehydrogenase (8, 
38, 39). This factor appears to be TPNase. The destruction 
by TPNase of pyridine nucleotide necessary to the stability of 
the dehydrogenase may be a determinant of the decrease in the 
activity of glucose-6-P dehydrogenase as erythrocytes age in vivo. 
Such action by TPNase may also play a role in the expression 
of the genetically determined deficiency of this enzyme. Mu- 
tant subjects are known to have a greater decrease in glucose-6-P 
dehydrogenase activity in erythrocytes than in other tissues 
(16, 40). This variation in expression of the enzyme deficiency 
might reflect the peculiar susceptibility of glucose-6-P dehydro- 
genase to inactivation. In red cells, which synthesize little or 
no protein, the decline in enzyme activity with aging in vivo 
could lead to a more marked deficiency of this enzyme than in 
tissues which can synthesize proteins. 

Glucose-6-P dehydrogenase of human erythrocytes differs in 
several respects from that of yeast and other sources. The A,, 
of red cell glucose-6-P dehydrogenase for TPN is about one order 
of magnitude less than that of the yeast enzyme. The enzyme 
of erythrocytes and of yeast have different electrophoretic mo- 
bilities. In addition, as previously demonstrated (17), mam- 
malian glucose-6-P dehydrogenase, but not that of yeast or 
spinach, is strongly inhibited by certain steroids. These data 
provide further evidence for the heterogeneity that may exist 
among proteins which serve the same function in different met- 
abolic environments (41). 
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SUMMARY 


1. Glucose 6-phosphate dehydrogenase has been purified from 
red cells of normal subjects and Negroes with a genetically de- 
termined deficiency of this enzyme. 

2. The preparations of purified glucose 6-phosphate dehydro- 
genase of normal and of mutant subjects are similar with respect 
to their affinities for triphosphopyridine nucleotide, glucose 6- 
phosphate, and several competitive and noncompetitive inhib- 
itors; their pH optimum curves; their electrophoretic mobility; 
and various aspects of their stability properties. 

3. Triphosphopyridine nucleotide, its reduced form, and, in 
higher concentrations, glucose 6-phosphate, but not diphospho- 
pyridine nucleotide or nicotinamide, can protect the prepara- 
tions of normal and mutant enzyme against inactivation by heat 
or upon dilution. 

4. The fluorescence activation and emission spectra of the 


preparations of purified glucose 6-phosphate dehydrogenase of | 


normal and of mutant subjects were similar and suggestive of 
enzyme-bound reduced pyridine nucleotide complex. 

5. The present results are discussed in relation to the problems 
of the mechanism of the genetically determined glucose 6-phos- 
phate dehydrogenase deficiency and of the selective decrease in 
the activity of this enzyme that occurs in normal red cells as 
they age in vivo. 
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The ability of mannose to substitute for glucose in metabolic 
reactions has been known for over 40 years. In 1913 Levine and 
Meyer (1, 2) reported the ability of preparations of canine leuko- 
cytes and rabbit kidney to convert either hexose to d-lactic acid. 
Since then, with the use of parameters which have included 
hexose uptake or phosphorylation, tissue respiration, lactic acid 
production, or stimulation of lipogenesis, the metabolism of glu- 
cose and mannose has been found to be similar in preparations 
of rat brain (3), rabbit brain (4), rat diaphragm (5-8), rat mam- 
mary tissue (9, 10), rat adipose tissue (11), rat erythrocytes (12), 
rat and rabbit bone marrow (13), ox retinal extract (14), calf 
cartilage (15), and skin from guinea pig and man (16). In addi- 
tion, preliminary experiments have suggested that the metabo- 
lism of glucose and mannose is similar in normal rat liver slices; 
whereas in slices from diabetic rats, the metabolism of both 
hexoses is similarly depressed.! 

The present experiments were designed to investigate in some 
detail the metabolism of mannose in both epididymal adipose 
tissue and liver of normal and diabetic rats, as well as the effects 
of insulin upon the comparative metabolism of these sugars in 
adipose tissue. A more detailed understanding of mannose 
metabolism under these conditions seemed desirable, since the 
hexokinase reaction is of special interest in considering regulatory 
mechanisms in carbohydrate metabolism, particularly as related 
to diabetes. 


EXPERIMENTAL PROCEDURE 


Methods 


Glucose, fructose or mannose, uniformly labeled with carbon", 
were obtained from the New England Nuclear Corporation, and 
were chromatographically pure. Male albino rats of the Wistar 
strain (Harvard Biological Laboratories) weighing between 200 
and 300 g and fed Purina pellets, ad libitum, were used. Alloxan 
diabetes was produced by intravenous injection of alloxan as 
previously reported (17). The animals were killed by decapita- 
tion and epididymal adipose tissue was removed and incubated 
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as previously described (17). Liver slices were made with a 
Stadie-Riggs microtome, and approximately 1 g of slices was 
incubated for 14 hours in 12 ml of a Krebs-Ringer-bicarbonate 
medium altered by substituting KCl for most of the NaCl, re- 
sulting in final concentrations of Na+, 40 mm; K+, 110 mm; Ca**, 
2.6 mm; Mg**, 1.2 mm; Cl-, 128 mm; HCO;-, 25 mm; HPO,” 
plus HPO,-, 0.8 mm; and SQ,7, 1.2mm. The technique for iso- 
lating and counting COs, glycogen, fatty acids and, glyceride- 
glycerol a-carbons has been described previously for adipose 
tissue (18) and for liver slices (19, 20). 


RESULTS 


Four segments of epididymal adipose tissue from each of six 
normal rats were incubated with mannose or glucose, with and 
without insulin. Table I shows that, without insulin, the incor- 
poration of mannose carbon into the measured products was 60 
to 90% that of glucose carbon incorporation in each instance. 
When insulin was added to the flasks, the stimulation of mannose 
carbon incorporation was proportional to the stimulation of glu- 
cose carbon incorporation. The pattern of greatly increased 
recovery of label in COs, fatty acids, and glycogen, with the 
a-carbon of glyceride-glycerol showing less of an increase, sup- 
ports previous experiments with glucose alone (18). 

The striking inhibition of the metabolism of both mannose and 
glucose in diabetic adipose tissue is also shown in Table I. The 
carbon incorporation into CO, and into the a-carbon of glyceride- 
glycerol was markedly reduced whereas no detectable label in- 
corporation into fatty acids was found in diabetic tissues with 
either sugar. As in the experiments with tissues from normal 
animals, the ratio of mannose carbon to glucose carbon incorpora- 
tion remained 50 to 90%. 

In the next series of experiments the influence of unlabeled 
mannose on the metabolism of a constant concentration of la- 
beled glucose and the influence of unlabeled glucose on the me- 
tabolism of a constant concentration of labeled mannose were 
studied. It may be seen in Table II that the recovery of carbon 
from each hexose was progressively depressed as the concentra- 
tion of the unlabeled epimer in the medium was increased. The 
depression of mannose metabolism by the addition of glucose 
was somewhat greater than the depression of glucose by mannose, 
this being consistent with the more rapid metabolism of glucose 
when the sugars are incubated separately. 

Since it has been reported that the effect of insulin on mannose 
metabolism in vivo was seen only in the absence of glucose (21), 
experiments were carried out to test this hypothesis. Table 
III illustrates that in vitro the insulin effect on the metabolism 
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TABLE 


Effects of insulin on metabolism of uniformly labeled glucose-C'4 and mannose-C' by adipose 
tissue from normal and alloxan-diabetic rats in vitro 


Values expressed as zmoles of hexose per mg of tissue nitrogen per 3 hours with standard errors. Insulin, 0.1 unit per ml; hexose, 
5mm. Adipose tissue pieces from normal rats weighed approximately 300 mg and those from alloxan-diabetics approximately 100 mg. 


Each flask contained 1 piece of tissue in 5 ml of medium. 


Normal (6 experiments) Alloxan-diabetic (3 experiments) 
Glucose Mannose : 
Glucose Mannose 
Control Insulin Control Insulin 
Carbon dioxide..............| 3.08 + 0.41 12.50 + 2.83 2.55 + 0.32 8.09 + 1.63 0.20 + 0.05 0.14 + 0.04 
Tissue fatty acids............ 0.61 + 0.14 7.69 + 2.33 0.35 + 0.08 4.57 + 1.20 0 0 
Glyceride-glycerol a-carbons..| 2.21 + 0.23 3.35 + 0.43 1.97 + 0.22 2.27 + 0.27 0.10 + 0.06 0.09 + 0.01 
0.05 + 0.01 1.73 + 0.55 0.04 + 0.01 0.78 + 0.18 0.04 + 0.01 0.02 + 0.01 


TABLE II 


Effects of different concentrations of unlabeled epimer on the 
metabolism of uniformly labeled glucose-C'4 and mannose-C"4 
to CO2 by adipose tissue in vitro 


Mean of 3 experiments with standard errors. Each flask con 


of mannose by adipose tissue was not decreased with the addition 

of an equimolar concentration of glucose and was only slightly 
depressed by doubling the glucose concentration. 

A significant depression of mannose metabolism by liver slices 

. from diabetic rats below normal levels was found (Table IV). 


tained 1 piece of adipose tissue weighing approximately 200 mg The quantitative depression of mannose metabolism was pro- 


and 5 ml of medium. 


portional to that of glucose metabolism in tissues from the same 


animals, incorporation of carbon into fatty acids and glycogen 
being most markedly decreased. 

Finally, the comparative incorporation of carbons of fructose, 
mannose, and glucose by liver slices was studied with all three 


hexoses present in each flask, only one being labeled. Table V 
shows that, whereas fructose differed considerably from glucose 
in its carbon incorporation into COs, glycogen, and fatty acids, 
the recovery of mannose carbon remained comparable to that of 
glucose. 


Concentration Hexose carbon incorporated 
into CO2 per mg tissue nitrogen 

Glucose Mannose per 5 hours 

mM mM pmoles 

5* 0 2.11 + 0.18 

5* 5 1.644 + 0.22 

5* 10 1.24 + 0.27 

5* 20 0.98 + 0.28 

0 5* 1.73 + 0.38 

5 5* 0.94 + 0.14 

10 5* 0.68 + 0.18 

20 5* 0.52 + 0.10 


DISCUSSION 


The studies in this report suggest that the ratio of mannose 
metabolism to glucose metabolism in adipose tissue and liver 


* Uniformly labeled with C". 


slices of the rat is 0.6 to 0.9, and that this ratio in adipose tissue 


TABLE III 


Effects of different concentrations of unlabeled glucose on the metabolism of uniformly 
labeled mannose-C"4 by adipose tissue in vitro 


Values expressed as umoles of mannose carbon per mg of tissue nitrogen per 3 hours. Mean of 4 experiments. Insulin, 0.1 unit 
per ml; mannose, 10 mo in all flasks. Each flask contained a single segment of adipose tissue weighing approximately 200 mg in 5 ml 


of medium. 
0 mm Glucose concentration 10 mm Glucose concentration 20 mu Glucose concentration 
Control Insulin Effect* Control Insulin Effect* Control Insulin Effect* 
% % % 
Carbon dioxide............ 3.59 13.18 409 + 63 1.77 7.26 428 + 58 1.63 4.63 302 + 56 
Tissue fatty acids......... 0.121 0.851 902 + 177 0.057 0.515 1078 + 292 0.058 0.277 485 + 64 
Glyceride glycerol a-car- 
0.190 0.375 204 + 25 0.086 0.181 212 + 0.084 0.108 129 + 45 
0.004 0.027 | 989 + 256 0.006 0.081 1930 + 630 0.004 0.071 1733 + 526 


* Per cent effect of insulin-stimulated tissues to control tissues 


from paired incubations with standard errors. 
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TaBLe [V 
Metabolism of uniformly labeled glucose-C'* and mannose-C by 
liver slices from normal and alloran-diabetic rats 
Values expressed as uymoles of hexose carbon per gram of tissue 
slices per 90 minutes. Mean of 4 experiments with standard er- 
rors. Hexose, 20 mM. 


Normal animals Diabetic animals 


| 


Mannose Glucose Mannose 


| 
Carbon di- | | 
oxide...... 8.62 + 0.965.0 + 0.332.14 + 0.102.18 + 0.09 
Tissue fatty | | | 
acids...... 3.94 + 1.562.73 + 0.540.67 + 0.110.438 + 0.10 
Glycogen... ./6.40 + 1.022.37 + 0.260.26 + 0.33,0.14 + 0.02 


Glucose 


| 


TABLE V 


Metabolism of uniformly labeled glucose-C'4, mannose-C'4, and 
fructose-C™ by liver slices from normal and alloxan-diabetic rats 
Values expressed as umoles of hexose carbon per gram of tissue 
slices per 90 minutes. Mean of 3 experiments. All 3 hexoses 
present together in each of 3 flasks at 10 mm each with only 1 
hexose labeled. 


Labeled hexose 
Glucose Mannose | Fructose 

Normal animals 

1.39 | 1.46 8.35 

Fatty acids...... 0.186 0.198 0.768 

Glycogen........ 4.27 3.36 
Diabetic animals 6 | 

0.504 | 0.456 3.40 

Fatty acids...... 0.040 | 0.046 0.043 

Glycogen........ 0.084 | 0.054 0.582 


is determined at a common point of metabolism of the two 
hexoses before the separation of the pathways of glycogen, COs, 
and fatty acid formation. This supports the concept of either a 
different rate of penetration into the cell or a different rate of 
phosphorylation inside the cell. The studies with liver slices 
suggest that the phosphorylation mechanism is the site at which 
this divergence occurs, since it has been shown that the hepatic 
cell wall is freely permeable to hexoses (22). Similarly, Liebecq 
(5) demonstrated a ratio of 1 to 0.8 in both intact rat muscle and 
rat muscle homogenates, and suggested that this ratio is there- 
fore not related to a preferential cell wall transport of glucose or 
mannose. Subsequently, Christensen et al. (12) found that rat 
erythrocyte hemolysates metabolize mannose at 77% the rate of 
glucose. Finally, Slein et al. (23) have shown that beef brain 
hexokinase has a slightly reduced affinity for mannose as com- 
pared to glucose. 

It is interesting to note the effect of insulin upon mannose 
metabolism. Studies in vivo in dogs (24) and man (25) have 
shown no increased insulin secretion by the pancreatic beta cells 
in response to high concentrations of circulating mannose. Glu- 
cose, however, has been shown by many investigators to increase 
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the secretion of insulin. Thus both hexoses respond to insulin, 
yet only one of the pair stimulates beta cells to produce insulin, 

The experiments with liver slices compare favorably with those 
previously reported (26), measuring the relative metabolism of 
fructose and glucose in normal and diabetic liver slices. The 
incorporation of mannose carbon, however, again remains closely 
related to that of glucose carbon in every instance, further em- 
phasizing the similarity of the metabolic pathways available to 
these two hexoses. The depressed mannose metabolism in dia- 
betic liver slices adds further support to the hypothesis that 
there is decreased hexokinase activity (phosphorylating mannose 
also) in diabetic liver since limitation of penetration of the hepatic 
cell wall is known not to be a factor. 

The decreased recovery of fructose carbon in COs, glycogen, 
and fatty acids in liver slices from diabetic rats is in agreement 
with previous data (26); however, fructose disappearance. from 
the medium, an index of fructokinase activity, is unaltered by 
the diabetic state (26). Mannose disappearance, on the other 
hand, is depressed,! again suggesting that it shares the same 
phosphorylating mechanism as glucose and that this mechanism 
is depressed in the diabetic. 


SUMMARY 


The metabolism of mannose-C" is similar to that of glucose 
in rat epididymal adipose tissue and rat liver slices in vitro. In 
all studies in both liver and adipose tissue mannose metabolism 
appears to be approximately 60 to 90% that of glucose. Tissues 
from diabetic animals show a similar depression in the metabo- 
lism of both hexoses. Insulin added in vitro stimulates adipose 
tissue glucose and mannose metabolism to a similar degree. 
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In a previous publication (1) the significance of lactic and 
citric acid synthesis by bone was discussed. Acid formation by 
other connective tissues such as cartilage (2, 3) cornea (4), and 
lens (5-7) has also been demonstrated. 

The presence of the glycolytic enzymes in skin and the for- 
mation of lactic acid have been demonstrated by several investi- 
gators (8-12). Although Dickens (13) found that skin contained 
citric acid, the actual synthesis of citric acid by skin has not been 
previously demonstrated. Barron et al. (9) were unable to 
demonstrate the utilization of citrate by skin slices in vitro, as 
shown by measurements of oxygen consumption and by chemical 
analysis. These investigators concluded that the tricarboxylic 
acid cycle was inoperative in skin. Griesemer and Gould (14) 
were also unable to demonstrate any utilization of citrate by skin 
homogenates but did find an increase in oxygen uptake in the 
presence of other intermediates of the tricarboxylic acid cycle. 
Freinkel (10) likewise concluded that the Krebs cycle was rela- 
tively unimportant in skin. On the other hand, Cruickshank et 
al. (15) demonstrated the presence of isocitric dehydrogenase in 
skin and concluded that the Krebs cycle was highly active in this 
tissue. 

The present studies were undertaken in order to clarify the 
status of the tricarboxylic acid cycle in skin. Additional infor- 
mation has also been obtained concerning the dynamics of glucose 
utilization, and the accumulation of lactic and citric acids by 


this tissue. 


EXPERIMENTAL PROCEDURE 


New-born rats, less than 1 day old, were decapitated and a 
section of skin, approximately 1 cm square, was removed from 
the abdomen, and placed in ice-cold media (either Krebs-Ringer 
phosphate or bicarbonate (16)). If bicarbonate media was used, 
the flask was continuously aerated with 95% O02-5% COs. After 
all of the tissues were obtained, they were removed from the 
media, blotted rapidly on filter paper, rinsed in fresh media, and 
rapidly blotted again. The tissues were then transferred to 
separate flasks containing the appropriate concentration of 
glucose, in either phosphate or bicarbonate media. Eight to ten 
pieces of skin were used in each flask. 

The flasks were incubated for 2 hours in a metabolic shaking 


* This paper is based on work performed under contract with 
the United States Atomic Energy Commission at the University 
of Rochester Atomic Energy Project, Rochester, New York. 

+ Present address, Departments of Ophthalmology and Bio- 
chemistry, New York University Medical Center, 550 First Ave- 
nue, New York, New York. 


incubator at 37°. When bicarbonate media was used, the flasks 
were gassed initially for 5 minutes with 95% O2-5% COs or 95% 
N2-5% COs, and then stoppered. At the end of the incubation 
period, the tissues were removed, placed in ice-cold 20% trichlo- 
roacetic acid for 15 seconds, followed by a brief rinse in distilled 
water, and then dried in a desiccator. The dried tissues, after 
weighing, were ground in a glass homogenizer with water before 
analysis. For the calculation of distribution ratios on a wet- 
weight basis, the fresh weights of a number of skin slices were 
obtained and compared with their dry weights. A conversion 
factor was then used in order to calculate the fresh weight of the 
tissues that had been previously weighed after drying. Both 
the tissues and the incubation media were analyzed for glucose 
(17, 18), lactic acid (19), and citric acid (20, 21). 


RESULTS AND DISCUSSION 


Cruickshank et al. (12) concluded from studies with whole skin 
slices that the rate of uptake of glucose was independent of the 
initial concentration. This is somewhat surprising, in view of 
studies with the isolated rat diaphragm which indicate that the 
rate of utilization of glucose increases with increasing concentra- 
tion of substrate in the media (22-24). With the use of Krebs- 
Ringer-phosphate media, under conditions similar to those used 
by Cruickshank et al. (12), the rate of uptake of glucose from the 
media and the simultaneous formation of lactic acid were studied. 
The results are shown in Fig. 1. Each point represents the mean 
of 2 to 4 determinations. 

In agreement with the results obtained from the isolated rat 
diaphragm, the amount of glucose taken up from the media has 
been found to vary with the initial concentration. The amount 
of lactic acid found in the media remained constant, irrespective 
of the amount of glucose utilized. 

The presence of the tricarboxylic acid cycle in skin has been 
questioned by Barron et al. (9) who were unable to demonstrate 
the utilization of citrate by skin slices. Griesemer and Gould 
(14) have found also that citrate does not stimulate the oxygen 
uptake of skin homogenates. The participation of citrate in in- 
termediary metabolism has also been established by the use of 
fluoroacetate as an inhibitor (25). <A series of experiments were 
carried out in which FAc! was added to the media (Krebs-Ringer 
bicarbonate) at a concentration of 0.01 m. The amount of 
citrate in both media and tissue at the end of the 2-hour incuba- 
tion period was determined and compared with controls to which 
no FAc was added. In addition, determinations were made also 


1 The abbreviation used is: FAc, fluoroacetate. 
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Fic. 1. The uptake of glucose and the accumulation of lactic 
acid by skin at various concentrations of glucose with the use of 
phosphate media. 


of glucose and lactic acid in both tissue and media. The results 
are shown in Table I and II. The glucose uptake is shown sep- 
arately; all other values shown are for content at the end of the 
2-hour incubation period. 

In the absence of added substrate, the amount of reducing 
substance (determined as glucose) present initially in the tissue 
decreases, both aerobically and anaerobically. Under aerobic 
conditions, the lactic acid content of the tissue also decreases. 
Even in the absence of added substrate, a considerable amount 
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of lactic acid is found in the media at the end of the incubation. 
The addition of FAc results in a marked increase in the citric acid 
content of the tissue and a smaller increase in media citrate. 
The initial glucose content of the tissue is insufficient to account. 
for the total amount of lactate and citrate formed during an en- 
dogenous incubation, indicating the presence of substances in the 
skin readily convertible to carbohydrate intermediates. 

A marked Pasteur effect is present. Anaerobically, more 
glucose is utilized and more lactate is produced. The anaerobic 
accumulation of lactate in the media, after incubation without 
added substrate, also indicates the presence of a reserve substrate 
readily convertible into glycolytic intermediates. 

The addition of FAc resulted in a slight depression of the 
amount of lactic acid formed. This may be due to an inhibition 
of glycolysis by inorganic fluoride present as an impurity in the 
FAc preparation (26). 

Both aerobically and anaerobically, with increasing concen- 
trations of glucose in the media, not only is more glucose taken 
up, but more glucose is found also within the tissue. A similar 
phenomenon has been reported by Park e¢ al. (24) for the rat 
diaphragm. Comparison of the aerobic and anaerobic uptake 
of glucose at a given concentration reveals that although the up- 
take of glucose increases anaerobically, there is no corresponding 
increase in intracellular glucose. The uptake of glucose may be 
increased by either increasing the initial concentration of glucose 
in the media, or by exposing the tissue to anaerobic conditions 


TABLE I 
Aerobic carbohydrate metabolism in skin* 


| Media Tissue 
Initial glucose FAc added Glucose uptake | 
| Lactate Citrate Glucose Lactate Citrate 
| No Incubation 0.48 40.24 0.9540.08 | 1.03 + 0.05 
0 0 = 1.28 + 0.19 | 0.23 + 0.05 0 «60.29 + 0.08 | 0.95 + 0.11 
0 + 0 1.49 + 0.08 0.81 + 0.06 0 «0.20 + 0.03 3.02 + 0.10 
300 23.17 + 1.08 6.64 + 0.35 0.51 + 0.05 4.75 + 0.55 2.14 4+ 0.15 0.82 + 0.04 
300 + 19.55 + 1.12 3.47 + 0.16 0.91 + 0.06 7.72 + 0.65 0.95 + 0.27 3.62 + 0.12 
1000 37.27 + 2.63 6.43 + 1.44 0.58 + 0.02 23.45 40.58 2.01 + 0.21 1.18 + 0.15 
1000 2 35.37 + 12.78 3.71 + 0.67 0.79 + 0.05 | 26.77 + 1.08 | 1.01 + 0.10 3.78 + 0.21 


* Six experiments were performed at each initial level of glucose. 


The values shown are the means, together with the standard 


errors, expressed in terms of mg per g of tissue, at the end of the 2-hour incubation period. The initial glucose concentrations are 


expressed as mg per 100 ml of media. 


TABLE II 
Anaerobic carbohydrate metabolism in skin* 


Media Tissue 
Initial glucose FAc added Glucose uptake : 
Lactate Citrate Glucose | Lactate Citrate 

No Incubation 0.48 + 0.24 0.95 + 0.08 1.03 + 0.05 

0 0 6.60 + 0.32 | 0.45 + 0.09 0 0.96 + 0.06 | 0.86 + 0.13 

0 + 0 6.12 + 0.10 0.438 + 0.11 0 | 0.95 + 0.24 0.88 + 0.03 

300 50.13 + 1.33 37.30 + 1.77 0.35 + 0.05 5.65 + 0.56 5.27 + 0.14 0.82 + 0.05 
300 + 45.87 + 2.45 33.80 + 1.79 0.31 + 0.02 6.59 + 0.82 | 4.76 + 0.18 0.73 + 0.06 
1000 73.55 + 2.58 40.60 + 3.46 0.53 + 0.09 22.17 + 0.50 5.71 + 0.41 0.93 + 0.10 
1000 + 70.10 + 3.05 40.20 + 3.93 | 0.60 + 0.12 | 20.97 + 0.99 | 4.84 + 0.20 | 0.89 + 0.07 


* Six experiments were performed at each initial level of glucose, except in the endogenous incubations, of which only four experi- 
ments were completed. The values shown are the means, together with the standard errors, expressed in terms of mg per g of tissue. 
at the end of the 2-hour incubation period. The initial glucose concentrations are expressed as mg per 100 ml of media. 


| 40 

j 30 

20 

asks 
tion 
hlo- 
lled : 
| 
fore 
wet- | 
were 
ion 
the 
Both 
cose 
skin | 
the 
w of | 
the § 
tra- 
used 
the F 
died. § 
| 

| 
has 
ount 
trate 1 
ould § 
ygen 
nin- § 
se of 
were 
inger 
uba- | 
hich 


24 Lactic and Citric Acid Formation by Skin 


Increasing the uptake by raising the initial level of glucose in the 
media leads to increased tissue levels; increasing the uptake of 
glucose by anaerobic conditions does not lead to increased tissue 
levels, but to an accumulation of lactate. The accumulation of 
lactate, however, is independent of the initial glucose concen- 
tration in the media. These results also indicate that the amount 
of glucose taken up from the media is not an adequate measure of 
the amount of glucose utilized, as part of the glucose accumulates 
within the tissue and is not actually further metabolized. 

The values reported here for glucose uptake by skin are only 
slightly less than those reported for the isolated rat diaphragm 
(27). 

The accumulation of citrate after the addition of FAc, both 
endogenously and also in the presence of added glucose, provides 
evidence (25) for an active tricarboxylic acid cycle in skin. An- 
aerobically, FAc is without effect upon the accumulation of 
citrate. 

Barron et al. (9) have reported that a sharp drop occurs in the 
Qo. of skin taken from young rats after they are about 1 week old. 
This might indicate a possible decrease in activity of the enzymes 
of the tricarboxylic acid cycle. As the studies reported here were 
carried out with 1-day-old rats, it’ was of interest to determine if 
the citric acid cycle was active in the skin of adult rats. With 
the use of the same techniques as used previously, two sections of 
abdominal skin were removed from each of six adult male rats 
(100 to 150 g). Each piece of skin was incubated separately 
(300 mg/100 ml of glucose), 1 piece of skin from each rat being 
treated with FAc. At the end of the 2-hour incubation period, 
the tissues were analyzed for their citric acid content (Table III). 

Although the citrate content of adult rat skin is less than that 
found in the new-born rat, the addition of FAc to the incubation 


- 


TABLE III 
Citrate synthesis by adult rat skin 


Citric acid content* 
No. 
Control With FAc 
1 0.42 1.46 
2 0.35 0.92 
3 0.71 2.22 
4 0.76 1.42 
5 0.47 2.36 
6 0.76 2.51 


* Mg per g of dry weight after 2-hour incubation. 


TaBLeE IV 
Distribution of metabolites between tissue and media 


Ratio of final tissue to media concentrations 
Initial media glucose con- 
centration* and gas phase 
Glucose Lactate Citrate 
300, On. 0.37 3.03 15.0 
300, O2, +FAc 38.5 
300, Ne, 0.59 1.20 
1000, Os 0.52 2.58 20.2 
1000, +FAc 39.8 
1000, Ne 0.53 1.41 


* Mg per 100 ml. 
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media still resulted in a marked accumulation of citrate. A 
strict comparison of tricarboxylic acid cycle activity between 
new-born rats and adult rats cannot be made from these data, 
however, due to the higher relative content of lipid and other 
material in the adult skin which would contribute to the weight 
of the tissue. 

The data in Tables I and II show an unequal distribution of 
glucose, lactate, and citrate between tissue and media. This 
becomes more apparent upon examination of the distribution 
ratio, microgram per gram of tissue (wet basis) /microgram 
per milliliter of media, as shown in Table IV. 

Free glucose was not concentrated within the tissue, even at 
the higher rates of uptake observed anaerobically, as indicated by 
a distribution ratio of less than 1. Freinkel (10) has observed 
similar ratios. Laris (28) has shown also that the glucose con- 
tent of red blood cells increases with increasing concentrations of 
glucose in the incubation media. 

In sharp contrast to glucose, the concentration of both lactate 
and citrate is markedly higher within the tissue than in the media. 
The accumulation of lactate by the tissue also seems to be affected 
by anaerobic conditions. Even though more lactate is formed 
anaerobically, relatively less is accumulated within the tissue 
than under aerobic conditions. This might indicate that the 
presence of oxygen is necessary for the active accumulation of 
lactate within the tissue, or that the permeability of the cell 
membrane to lactate is altered under anaerobic conditons. EI- 
liott and Birmingham (29) have also reported that when brain 
slices are incubated in the presence of glucose, lactic acid ac- 
cumulates within the slice, a distribution ratio of 2.7 being ob- 
tained. 

In the presence of FAc, the skin slices are able to concentrate 
citrate almost 40-fold over the media level. This large differ- 
ence in citrate concentration may indicate that the citrate is 
present in a tightly bound form to some tissue component (pro- 
tein?), or else that the cell membrane is relatively impermeable 
to citrate, which might account for the results of Barron e¢ al. 
(9). 

These results emphasize the inadequacy of analyses on the 
media alone in studies on lactate and citrate metabolism in vitro. 
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SUMMARY 


The utilization of glucose and the formation of lactic and 
citric acids by skin slices have been studied in vitro. 

The uptake of glucose increases with increasing initial glucose 
levels in the media and also increases under anaerobic conditions. 
Increasing the uptake of glucose with the use of higher levels 
of glucose in the media leads to higher intracellular glucose levels, 
but increasing the uptake of glucose by anaerobic conditions 
leads to increased lactate accumulation. The amount of lactic 
acid accumulated, both aerobically and anaerobically, is inde- 
pendent of the initial glucose level in the media. 

The accumulation of citrate after the addition of fluoroacetate 
to the media has been demonstrated. providing evidence for the 
presence of an active tricarboxylic acid cycle in skin. Skin is 
able to concentrate citrate almost 40-fold over the media level; s 
smaller accumulation of lactic acid was also observed. Glucose 
was not concentrated within the tissue. 

Analyses on the media alone have been found inadequate to 
describe fully the dynamics of glucose utilization and lactic and 
citric acid formation. 
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Earlier work in this laboratory (1) has shown that soluble 
_ enzymes from guinea pig or rat liver mitochondria, fortified with 
adenosine triphosphate, Mg*+, and coenzyme A, convert itacon- 
ate! to pyruvate and acetyl coenzyme A. In this metabolic 
process, itaconate is first activated to itaconyl-CoA by succinate- 
activating enzyme, and a CoA derivative is cleaved to acetyl- 
CoA and pyruvate. This paper reports further work on the 
cleavage reaction, its intermediates, and the enzymes involved. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


The following materials were of the origin indicated. Itaconic 
acid was from the Eastman Kodak Company and mesaconic 
acid from the Aldrich Chemical Company, Inc. (both were re- 
crystallized before use). Citraconic acid was obtained from the 
H. M. Chemical Company, Ltd. pi-Citramalic acid was kindly 
provided by Dr. H. A. Barker, and C'*-pyruvic acid was obtained 
from the Volk Radio-Chemical Company. a-Hydroxyglutaric 
acid was prepared by catalytic hydrogenation of a-ketoglutaric 
acid in the presence of PtOe. Hydrogenation was carried out 
in glacial acetic acid solution and the solvent removed under 
reduced pressure. The residue was dissolved in moist ethyl 
acetate (2); crystals formed upon addition of acetone to the 
solution and had a melting point of 71-72° (value reported in 
literature, 72-73°). C-itaconic acid was prepared as previ- 
ously described (1). C'-mesaconic acid was obtained by boil- 
ing C'-itaconic acid with 10°% NaOH for 7 hours (3). The 
solution was treated with Amberlite IRC-50 (H+ form) to re- 
move Na*. Citaconic and the formed C"-mesaconic and 
citraconic acids were then separated by chromatography on 
Dowex 1. The fractions of the mesaconic acid region (1) were 
combined and lyophilized. The compound had a melting point 
of 201-202° and showed the same melting point when mixed 
with authentic mesaconic acid. Itaconyl-, mesaconyl-, citra- 
malyl-, citraconyl-, and a-hydroxyglutaryl-CoA were prepared 
by the mixed anhydride method (4). It should be emphasized 
that these CoA derivatives comprise structural isomers (in 


* Supported in part by grants from the National Institutes of 
Health, United States Public Health Service and the Life In- 
surance Medical Research Fund. A detailed report, including 
fractionation of the extract of rat liver mitochondrial acetone 
powder, is included in the thesis submitted by Shu-Fang Wang in 
partial fulfillment of the requirements for the degree of Doctor of 
Philosophy, University of Wisconsin, 1960. 

1 Itaconic acid is methylene succinic acid; mesaconic is methyl- 
fumaric acid; citraconic is methylmaleic acid; citramalic is a- 
methylmalic acid. 
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which CoA is bound to one or the other of the carboxy] groups) 
and in some cases optical isomers as well. 

Chromatography on Dowex 1 was carried out according to 
Busch, Hurlbert, and Potter (5). 

Mitochondrial acetone powder and its extract were prepared 
by the method of Drysdale and Lardy (6). Methylglutaconase 
was prepared and assayed according to Hilz, Krappe, Ringel- 
mann, and Lynen (7); 6-hydroxy-6-methylglutaryl-CoA cleavage 
enzyme according to Bachhawat, Robinson, and Coon (8), ex- 
cept that the acetoacetate formed was determined according to 
Walker (9). Crystalline crotonase was prepared according to 
Stern (10). In some experiments, enzyme kindly supplied by 
Dr. Stern was used. Lactic dehydrogenase was purchased from 
Worthington Biochemical Corporation. 

Acyl-CoA-dependent CO, fixation and DPNH disappearance 
experiments were carried out as described (1) except that CoA 
derivatives were used as substrate instead of free itaconate. 
Also, in the DPNH disappearance reaction, Mg++, ATP, and 
CoA were omitted and phosphate buffer, pH 7.4, was used in 
place of Tris buffer, pH 8.5, as in previous work (1). 

To test the hydrating enzyme activity of various protein 
fractions toward mesaconyl-CoA and itaconyl-CoA, a spectro- 
photometric method was used. The assay cuvette (1 = 1.0 
em) contained 25 uwmoles of phosphate buffer, pH 7.4, 0.16 
umole of acyl-CoA, enzyme fraction, and water to 1.0 ml. The 
blank cuvette contained enough adenylic acid to compensate 
for the absorption of the adenine moiety of the acyl-CoA com- 
pounds. The absorption change was followed at 270 mu. 

In the identification of the products of enzyme fractions 
acting on mesaconyl-CoA or itaconyl-CoA, the reaction mixture 
contained 25 uwmoles of phosphate buffer, pH 7.4, 2 umoles of 
C!*-acyl-CoA, enzyme fraction, and water to 1.0 ml. The re- 
action was carried out at room temperature for 2 hours and 
stopped by adding 0.13 ml of 30% perchloric acid. After re- 
moval of the protein by centrifugation, the perchloric acid was 
removed as potassium perchlorate and the solution was ad- 
justed to pH 11 with n KOH, and 0.1 ml of 0.1 m HgCle was 
added to hydrolyze the acyl-CoA derivatives. The solution 
was neutralized with perchloric acid again after 1 hour and 
chromatographed on Dowex 1, along with 10 mg each of authen- 
tic mesaconic, itaconic, and citramalic acids. The fractions 
were dried on planchets and counted for radioactive carbon; the 
added authentic acids were titrated with 0.1 N NaOH. The 
positions of mesaconic, itaconic, and citramalic acids on Dowex! 
chromatogram have been reported (1). 

The reversibility of itaconate cleavage was studied in reaction 
mixtures containing 75 wmoles of phosphate buffer, pH 6.5 (pH 
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6.5 was used to minimize carbon dioxide fixation; it has been 
reported (1) that at pH 7.3, CO, fixation by itaconate is only 
7% of the maximum and at pH 6.1, there is no measurable 
fixation), 4 wmoles of acetyl-CoA, 4 umoles of C™-pyru- 
vate, crude extract of beef liver mitochondrial acetone powder 
or its fractions, and H.O in 3.0 ml. The mixture was held at 
room temperature for 90 minutes. Deproteinization, hydroly- 
sis, and chromatographic separation of the acids on Dowex 1 
were carried out as described in the previous paragraph. 
Protein was determined by the biuret method (11). 


RESULTS 


Assay by C¥4O, Fixation—Adler et al. (1) have shown that 
extracts of guinea pig or rat liver mitochondrial acetone powder 
catalyze the fixation of CO, in the presence of itaconate. The 
fxation occurs after the formation of acetyl-CoA and pyruvate 
from itaconate. It probably is an addition of CO, to pyruvate 
to form oxaloacetate. 

The extracts were found to catalyze the fixation of C™“O:, in 


the presence of chemically prepared itaconyl-CoA, mesaconyl-. 


CoA, or citramalyl-CoA. Citraconyl-CoA was found to be 
ineffective. The CO, fixation as a function of time is shown 
in Fig. 1. Both itaconyl-CoA and mesaconyl-CoA show a lag 
riod, but citramalyl-CoA does not. This suggests that itaco- 
nyl- or mesaconyl-CoA is probably hydrated to form citramaly]- 
CoA before cleavage and C'O; fixation, and that the hydration 
is the rate-limiting step. The greater initial rate with synthetic 
titramalyl-CoA has been observed in several experiments with- 
out exception, but the reaction ceases at about 5 minutes, pre- 
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Fic. 1. The rate of CO: fixation with synthetic itaconyl-, mesa- 
‘tonyl-, and citramalyl-CoA. Reaction mixture contained 1.2 
moles of ATP; 1.2 umoles of Mg*t; 5 umoles of Tris buffer pH 
85; 4.0 umoles of NaHC'*O;, 4.7 105 c.p.m.; 0.24 umole of 
xyl-CoA; 2.2 mg of enzyme protein; and H2O in 0.25 ml. Incu- 
bated at 37°. The reaction was started by adding acyl-CoA. @, 
titramalyl CoA; O, itaconyl-CoA; © mesaconyl-CoA. At 3 min- 
utes, the amount of C" fixed corresponds to approximately 16, 50, 
and 75% of that theoretically possible if all the active forms of 
mesaconyl-, itaconyl-, and citramalyl-CoA, respectively, were 
tleaved and if all the pyruvate produced fixed C'4O. to form oxalo- 
xetate. The proportion of active forms of the CoA derivatives 
are estimated in the text. 
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Fic. 2. Assay for pyruvate formation from itaconyl-, mesa- 
conyl-, and citramalyl-CoA. The reaction mixture contained 25 
umoles of phosphate buffer pH 7.4, 0.2 umole of DPNH, 0.35 umole 
of acyl-CoA, enzyme, and water to 1 ml. Incubated at 22°; l-em 
light path. ©, endogenous; O, citramalyl-CoA; A, itaconyl- 
CoA; @, mesaconyl-CoA. The arrows indicate the addition of 
another 0.2 wymole of DPNH. 


sumably because of the relatively small proportion of the active 
isomer. Synthetic mesaconyl-CoA had the highest percentage 
of the active isomer as judged by the extent of reaction. 

Assay by Pyruvate Reduction—Extracts of rat liver mitochon- 
drial acetone powder catalyzed the disappearance of DPNH 
(followed at 340 my) in the presence of citramalyl-CoA, itaco- 
nyl-CoA, or mesaconyl-CoA. Fig. 2 shows that, initially, both 
itaconyl-CoA and mesaconyl-CoA give linear responses. Addi- 
tion of DPNH after the curves level off restores mesacony]-CoA 
activity but does not do so with itaconyl-CoA. Citramalyl-CoA 
is very rapidly cleaved to pyruvate, as measured by DPNH 
oxidation, but the latter reaction soon drops to the endogenous 
rate. These data again indicate that chemical thioesterification 
gives more of the active isomer with mesaconate than with 
itaconate, and that only very little of the active isomer is formed 
with citramalate. 

If one assumes that the cleavage of acyl-CoA to pyruvate and 
acetyl-CoA is complete in the presence of DPNH and endoge- 
nous lactic dehydrogenase, the metabolically active species of 
citramalyl-CoA and itaconyl-CoA estimated from Fig. 2 is 2% 
and 8%, respectively, of the thiol esters present. In another 
experiment in which DPNH was added continuously to the cu- 
vette containing mesaconyl-CoA until no more disappearance 
of DPNH was observed, the active species of mesaconyl-CoA 
was found to be 38% of the total thiol ester. 

ATP (or GTP or ITP), Mg++, and CoA are absolutely re- 
quired in the itaconate-dependent DPNH disappearance reac- 
tion (1). To study ATP and CoA requirements, the extract 
was treated with Dowex 1 (12). To study the Mg*t* require- 
ment, this metal ion was omitted from the reaction mixture and 
different levels of ethylenediaminetetraacetate were added. 
With itaconyl-CoA or mesaconyl-CoA as substrate, neither 
ATP, CoA, nor Mg*+ is required. This indicates that these 
cofactors are required only to activate itaconate to itaconyl- 
CoA; further steps, including the cleavage reaction in the DPNH 
disappearance assay, do not require these three ingredients. 
Incidentally, it was observed that succinate-activating enzyme 
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(P enzyme) does not activate citramalate. We cannot confirm 
the previously reported (1) slow activation of citramalate. 

Fractionation of Mitochondrial Extract—The results described 
above suggested the possibility that itaconyl- and mesacony!- 
CoA are hydrated to citramalyl-CoA, and that the latter is the 
derivative which undergoes cleavage to pyruvate and acety]- 
CoA. Fractionation of the mitochondrial extract was then 
undertaken to ascertain the number and nature of the enzymes 
involved. 

Extracts of liver mitochondrial acetone powder prepared 
from rat, guinea pig, hog, and beef, all catalyzed DPNH dis- 
appearance in the presence of mesaconyl-CoA. The average 
specific activities of these extracts are: rat, 20 units, guinea pig, 
10 units, hog, 8 units, and beef, 16 units per mg of protein. 
Beef liver mitochondrial acetone powder was chosen for frac- 
tionation because of its higher activity and especially because 
its endogenous DPNH oxidation was lowest. DPNH disap- 
pearance was chosen as the assay method, and mesaconyl-CoA 
was used as substrate. Lactic dehydrogenase was always added 
in excess to the assay mixture. The amount of enzyme was 
chosen to give a linear response with time during the assay 
period. One unit of enzyme was defined as that amount of 
enzyme which gave AAgo of 0.01 in 14 minutes at 20° under the 
assay conditions described in the legend to Fig. 2. 

Beef liver mitochondrial acetone powder was extracted, at 
0°, with 0.01 m phosphate buffer, pH 7.4, for 20 minutes in the 
ratio of 100 mg of acetone powder per ml of buffer. After cen- 
trifuging at 8000 x g for 10 minutes, the soluble portion was 
diluted with the same buffer to a protein concentration of about 
10 mg per ml. Acetone previously chilled to —10° was slowly 
added to the extract in a bath at —10° and the temperature 
of the enzyme preparation reached —10° when the final ace- 
tone concentration was 35% (volume per volume, assuming that 
the volumes were additive). The mixture was centrifuged at 
25,700 X g for 30 minutes at —10° and the precipitate dissolved 
in a small amount of 0.01 m phosphate buffer, pH 7.4; this frac- 
tion was designated as Fraction 1. The fraction collected at 
acetone concentrations of 50 to 65% (volume per volume) was 
treated in the same manner and designated as Fraction 3. The 
activities of these two fractions are shown in Fig. 3. Fraction 1 
had practically no activity, Fraction 3 had none, and combined 
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Fic. 3. Activities of protein fractions from beef liver mito- 
chondria. The assay mixture contained 50 uwmoles of phosphate 
buffer pH 7.4, 0.2 umole of DPNH, 0.64 umole of mesaconyl CoA, 
lactic dehydrogenase, enzyme fraction, and water to 2 ml. O, 
Fraction 1, 0.21 mg of protein. @, Fractions 1 plus 3, 0.17 mg. 
Recorded values are corrected for DPNH oxidation in absence of 
mesaconyl-CoA. 
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Fic. 4. Optical density change catalyzed by Fraction 1. The 
assay cuvette (1 cm) contained 25 umoles of phosphate buffer pH 
7.4, 0.16 umole of acyl-CoA, 0.05 mg of Fractiog 1, and water to | 
ml. Incubated at 22°. @, itaconyl-CoA; O, mesaconyl-CoA. 


they catalyzed DPNH disappearance appreciably in the pres. 
ence of mesaconyl-CoA and lactic dehydrogenase. Ethylene. 
diaminetetraacetate, up to a concentration of 0.01 M, did not 
affect the activity. Boiled Fraction 1 or 3 did not induce ac. 
tivity in the other, indicating that at least two enzymes are in- 
volved in the conversion of mesaconyl-CoA to acetyl-CoA and 
pyruvate. The reason for the increase in rate with time, shown 
in Fig. 3, is unknown. Linear rates were observed with unfrac- 
tionated extracts. 

Metabolic Pathway—To test Fraction 1 and Fraction 3 for 
hydrating activity, a spectrophotometric method based on the 
absorption of the a,8-unsaturated carbonic thioester was used. 
The spectra of synthetic mesaconyl-CoA before and after hy- 
drolysis showed that the maximal absorption resulting from its 
conjugated double bond was at 267 to 270 mu. Fig. 4 shows 
that Fraction 1 decreases the absorption of mesaconyl-CoA and 
increases that of itaconyl-CoA at 270 mu. The increase with 
the latter probably results from the formation of mesaconyl- 
CoA, as will be shown later. When citramalyl-CoA was used 
as substrate, however, no absorption change at this wave length 
was observed. This was probably due to the insufficient 


amount of the active isomer present in the citramalyl-CoA | 


preparation. Fraction 3 did not show any activity in this assay. 
To identify the products of the above reaction, both C'*-mesa- 
conyl-CoA and C"-itaconyl-CoA were treated with Fraction 1, 


and the reaction mixtures were hydrolyzed to liberate the free | 
acids. Figs. 5 and 6 show the Dowex 1 chromatogram of itaco- ; 
nyl-CoA and mesaconyl-CoA, respectively, after treatment with | 


Fraction 1. In the absence of Fraction 1, both C**-itaconyl- 
CoA and C-mesaconyl-CoA yielded only a single peak at 
which itaconic or mesaconic acid was expected. Peak A in both 
Figs. 5 and 6 is identified as citramalic acid because it coincides 


with authentic citramalic acid estimated by titration. Peak B © 
in Fig. 6 is identified as itaconic acid and Peak C in Fig. 5 3 d 


mesaconic acid by the same criterion. No radioactivity was de- 
tected in the region where citraconic acid was expected. 

The ratio of citramalic and mesaconic acids estimated from 
the areas of radioactivity in Fig. 5 is 2:1. Since the radioac- 


tivity of Peak B originates from unreacted itaconic acid, as well | 


as both the active and inactive isomers of itaconyl-CoA, it has 
no quantitative significance in estimating the equilibrium among 
these three acyl-CoA compounds. The ratio of citramalic acid 
to itaconic acid estimated by the same method is 4:1. Thus, 
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Fic. 5. Chromatogram of acids produced from C-itaconyl- 
CoA. Experimental conditions are described under ‘‘Materials 
and Methods.’ The areas under the heavy line represent radio- 
activity. The diagonal lines designate titration of carrier acids: 
A =citramalic, B = itaconic, and C = mesaconic acid. The titra- 
tion scale is linear but set arbitrarily to coincide with the peak of 
the radioactivity scale. The counting error was <5%. 
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Fic. 6. Chromatogram of acids produced from C'4-mesacony]l- 
CoA. Conditions as in Fig. 5. 


the equilibrium, at pH 7.4, catalyzed by Fraction 1 among these 
three acyl-CoA compounds may be shown as: 


Itaconyl-CoA — citramalyl-CoA mesaconyl-CoA 


14% 57% 29% 


Hilz et al. (7) have shown that methylglutaconase catalyzes 
the interconversion of B-methylglutaconyl-CoA and 6-hydroxy- 
8-methylglutaryl-CoA. When assayed for this enzyme activity, 
Fraction 1 was found to be active, but Fraction 3 was not. 
Methylglutaconase could be used in place of Fraction 1 to 
stimulate the activity of Fraction 3 in the assay of DPNH 
disappearance, and results similar to those shown in Fig. 3 were 
obtained. Methylglutaconase also increased the absorption at 
270 mz of itaconyl-CoA and decreased that of mesaconyl-CoA 
as Fraction 1 did. Dowex 1 chromatograms of these reaction 
mixtures were almost identical with Figs. 5 and 6, and the 
equilibrium among these three acyl-CoA compounds was found 
to be itaconyl-CoA, 12%; citramalyl-CoA, 59%; mesaconyl- 
CoA, 29%: a verification of that observed when Fraction 1 was 
used. No radioactivity other than that of the starting materials 
was found when crystalline crotonase was used in place of 
methylglutaconase. Crotonase could not replace Fraction 1 to 
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stimulate the activity of Fraction 3 in the DPNH disappearance 
assay. 

Since the cleavage of itaconyl-CoA to acetyl-CoA and pyru- 
vate (presumably via citramalyl-CoA) is analogous to the cleav- 
age of B-hydroxy-8-methylglutaryl-CoA (8), Fractions 1 and 3 
were tested for the latter cleavage enzyme, although it is re- 
ported that this enzyme requires Mg*+ absolutely for its ac- 
tivity and ours does not. Both fractions cleaved 8-hydroxy-6- 
methylglutaryl-CoA to liberate acetoacetate. Addition of 
B-hydroxy-8-methylglutaryl-CoA cleavage enzyme (8) to either 
fraction did not result in disappearance of DPNH in the pres- 
ence of mesaconyl-CoA and lactic dehydrogenase. Fraction 1 
was stable when stored at —10° and assayed as methylgluta- 
conase, but the activity of Fraction 3 was lost gradually at this 
temperature. After 2 weeks at —10°, it did not catalyze DPNH 
disappearance in the presence of mesaconyl-CoA, methylgluta- 
conase, and lactic dehydrogenase. However, its §-hydroxy- 
B-methylglutaryl-CoA cleavage enzyme activity remained. 
Also, in the presence of mesaconyl-CoA, 8-hydroxy-8-methyl- 
glutaryl-CoA cleavage enzyme, along with methylglutaconase, 
Mg*+, cysteine, and lactic dehydrogenase, did not catalyze 
DPNH disappearance. 

Fraction 3 catalyzed the formation of pyruvate from enzymi- 
cally prepared (from mesaconyl-CoA and methylglutaconase) 
citramalyl-CoA as rapidly as mesaconyl-CoA was cleaved in the 
presence of this fraction and an excess of methylglutaconase. 

The possibility that one of the 5-carbon branched chain CoA 
derivatives is isomerized to form a straight chain derivative was 
investigated. Synthetic a-hydroxyglutaryl-CoA (presumably 
some of both possible isomers would be formed) was used as 
substrate with crude mitochondrial extract. It did not support 
CO, fixation, nor did it enhance DPNH oxidation above the 
endogenous rate. 

Reversibility of Cleavage—To study the reversibility of the 
cleavage of itaconyl-CoA to acetyl-CoA and pyruvate, C-pyru- 
vate and acetyl-CoA were incubated with the extract of beef 
liver mitochondrial acetone powder as described under ‘“‘Mate- 
rials and Methods.”’ No itaconic or mesaconic acids were de- 
tected when the hydrolyzed reaction mixture was chromato- 
graphed on Dowex 1. There was radioactivity in the citramalic 
region, but malic acid is also expected there, and the radioactivity 
was most likely in the latter. If citramalyl-CoA had been 
formed, radioactivity should also be found in the itaconic and 
mesaconic regions. Fraction 3, together with methylgluta- 
conase, has also been used to study the reversibility, with the 
same negative results. 


DISCUSSION 


The metabolism of itaconate in liver mitochondria involves 
three main steps, which are summarized in Fig. 7: (a) activation 


++ METHYL CCOH 
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Fie. 7. Metabolic pathway of itaconic acid 


| 

| 

Wp, 

The | 
pH 
rtol | 
yA. 
pres- 
ylene- | 
1 not 
€ ac- 
re in- 
and } Y 
hown 
rac- | 
3 for 
n the | | 
used. 
hy- | 
ym its 
shows : 
A and | | | 
with | 
onyl- 
used | 
length 
ficient 
1-CoA | 
free | 
itaco- , 
t with | 
conyl- | 
ak at 
incides | 
y, 5 as 
as de- 
a.dioac: 
as well 
it has 
among 
lic acid 
Thus, 


30 Metabolism of Itaconic Acid 


of itaconate to itaconyl-CoA by succinate-activating enzyme (P 
enzyme); (b) hydration of itaconyl-CoA to citramalyl-CoA by 
methylglutaconase; and (c) cleavage of citramalyl-CoA to ace- 
tvl-CoA and pyruvate. Since itaconate has not been reported 
as a common component of animal diets or animal tissue, it is 
not surprising that its metabolism does not involve specific en- 
zymes in Steps 1 and 2. However, 6-hydroxy-8-methylglutary]- 
CoA cleavage enzyme, the only known enzyme? which cleaves a 
substrate similar to citramalyl-CoA, does not catalyze Step 3. 
Further purification of the Step 3 cleavage enzyme and a study 
of its substrate specificity will be necessary before its physiologi- 
cal role can be ascertained. 

It has been shown that mesaconate is also metabolized to the 
common products of itaconate metabolism by rat liver mito- 
chondria, and that it too is activated by succinate-activating 
enzyme (1). Since methylglutaconase catalyzes the intercon- 
version of itaconyl-, citramalyl-, and mesaconyl-CoA, the me- 
tabolism of mesaconate in animal tissue would proceed via the 
same enzymes (Fig.7). It is interesting to contrast this pathway 
with that occurring in Clostridium tetanomorphum (13, 14) in 
which free mesaconate is converted to citramalate, and the latter 
is cleaved to pyruvate and acetate without involving CoA. 

The reversibility of the cleavage of citramalyl-CoA to acetyl- 
CoA and pyruvate could not be demonstrated. Recently Losada 
et al. (16) have reported that Chromatium synthesizes citramalate 
from pyruvate and acetyl-CoA. Further studies will be neces- 
sary to establish whether an additional energy donor is required 
to accomplish this synthesis. 


SUMM ARY 


1. Citramalyl coenzyme A (CoA) is found to be the inter- 
mediate in the conversion of itaconyl-CoA to acetyl-CoA and 


2 A referee suggested that the citrate cleavage enzyme of Srere 
(15) might cleave citramalyl-CoA. This possibility does not seem 
likely because (a) citramalate + ATP + CoA in the presence of 
soluble crude enzyme does not vield pyruvate and acetyl-CoA as 
measured by either C4O. uptake or DPNH oxidation; (6) C1- 
mesaconate or C!4-itaconate could not be detected in hydrolysates 
of an incubation mixture containing acetyl-CoA, C4-pyruvate, 
ADP, Pi, and the soluble crude enzyme. 
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pyruvate by an extract of rat liver mitochondrial acetone powder. 
The hydration is catalyzed by methylglutaconase. 

2. Methylglutaconase catalyzes the interconversion of itg. 
conyl-, mesaconyl-, and citramalyl-CoA. The equilibrium cat. 
alyzed by this enzyme at room temperature is estimated to be 
itaconyl-CoA, 13%; citramalyl-CoA, 58%; and mesacony1-CoA, 
29%. 

3. Extracts of an acetone powder of beef liver mitochondria 
can be separated into two fractions by acetone fractionation, 


Only in the presence of both can mesaconyl-CoA be cleaved tg | 


acetyl-CoA and pyruvate. One fraction contains, and is re. 
placeable by, methylglutaconase. The other fraction cleave 
citramalyl-CoA to acetyl-CoA and pyruvate. 
4. The reversibility of the cleavage of citramalyl-CoA was not 
demonstrated. 
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A capsulated strain of Aerobacter aerogenes 1033 (2) has been 
found to metabolize glycerol via two separate pathways. The 
first pathway was mediated by a diphosphopyridine nucleotide- 
linked glycerol dehydrogenase and a specific dihydroxyacetone 
kinase, whereas the second pathway involved a specific glycerol 
kinase and a DPN-independent L-a-glycerophosphate dehy- 
drogenase (3-5). Although all the above enzymes were inducible 
by glycerol, their relative levels in cells growing on glycerol as 
the sole source of energy and carbon were modulated by oxygen 
tension of the media (4). Thus, vigorous oxygenation of growing 
cultures increased the level of glycerol kinase but greatly de- 
pressed the levels of the glycerol dehydrogenase and dihydroxy- 
acetone kinase. Anaerobiosis, which would render the DPN- 
independent L-a-glycerophosphate dehydrogenase inoperative, 
greatly elevated the two enzymes in the glycerol dehydrogenase 
pathway. During the course of this study, a similar effect of 
oxygen on the inducible level of another DPN-linked dehy- 
drogenase was found in this organism. This enzyme converted 
p-arabitol to pD-xylulose and pD-mannitol to p-fructose. The 
stereospecificity and the physiological role of this enzyme will be 
discussed in the present communication. 


EXPERIMENTAL PROCEDURE 


Chemicals—Crystalline pyridine nucleotides were obtained 
from Pabst Laboratories; p-arabitol, meso-erythritol, xylitol, and 
ribitol from Pfanstiehl Laboratories; p-sorbitol, D-mannitol, and 
p-fructose from H. M. Chemical Company, Ltd.; D-mannose 
from Eastman Kodak Company; glycerol from Mallinckrodt 
Chemical Works; and myo-inositol and D-arabinose from Nutri- 
tional Biochemicals Corporation. Calcium phosphate gel was 
prepared according to the procedure of Keilin and Hartree (6). 
Protamine sulfate was obtained from the Nutritional Biochemi- 
cals Corporation, and the solution was neutralized to pH 7.0 
with NaOH. The Folin-Ciocalteu phenol reagent was purchased 
from the Hartman-Leddon Company. 

The author is indebted to Dr. G. Ashwell for a sample of p- 
xylulose and to Dr. B. L. Horecker for a sample of p-ribulose-o- 
nitrophenylhydrazone. 

Bacteria—Most of the studies reported here were conducted 
with a guanine auxotroph, P14, derived from a capsulated strain 
of A. aerogenes strain 1033. For some comparative studies, an 
acapsulated strain of A. aerogenes, 1041, was used. Both of 
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these organisms were obtained from Dr. Boris Magasanik (2). 
The basal culture medium was of the following composition: 
1.26% KH2PO,, 0.54% K2HPO,, 0.20% (NH,)2SO,, 0.02% 
MgS0O,-7H:20, and 0.001% CaCle. The final pH was adjusted 
to 6.8 by the addition of NaOH. Media for growing P14 were 
supplemented with 40 ug of guanine per ml. Starting cultures 
were usually primed with 0.01% glucose, in addition to the main 
source of carbon and energy which was usually present at a level 
of 0.2%. Cells from agar slants were suspended and transferred 
into the growth medium (2-liter Erlenmeyer flasks, each contain- 
ing 500 ml of medium). Cultures were incubated on a New 
Brunswick Rotary Action Shaker operated at about 200 cycles 
per minute in a room maintained at 37°. Anaerobic cultures 
were incubated in the same manner, but under 95% Nz and 5% 
COs. Procedures for harvesting and sonically disrupting the 
cells were described in another report (5) and will not be elabo- 
rated here. The sonicated preparations were centrifuged at ap- 
proximately 20,000 x g, and the supernatant fraction was 
assayed for enzyme activity on the same day. No loss of activ- 
ity was detectable during a period of 6 hours, if the preparation 
was kept on ice. Purified preparations retained the activities 
for many weeks if kept at —10°. 

Growth rates of bacteria were determined in 50-ml cultures 
in 300-ml Belleo Nephelo culture flasks. The flasks were incu- 
bated on a model S-3 New Brunswick Gyrotory Shaker operated 
at 240 cycles per minute. Growth was monitored by reading 
the optical density in the side arm in a Klett colorimeter with a 
No. 42 filter. 

Keto Sugar Determination—The products formed enzymatically 
from p-arabitol and p-mannitol were compared with synthetic 
compounds by the keto sugar test as modified by Higashi and 
Peters (8). For this determination the enzyme assay was carried 
out in the presence of 5 umoles of DPN instead of the usual 1 
umole as described in the above section. When the reaction 
approached equilibrium, 1 ml of 10% trichloroacetic acid was 
added to destroy the enzyme. The deproteinized filtrate was 
then treated with resorcinol and ferric chloride, and the absorp- 
tion spectra of the colored complexes were measured in a Beck- 
man DU spectrophotometer. In these tests, fructose, xylulose, 
and ribulose gave colored complexes with two absorption maxima 
at 410 and 480; 425 and 600; and 452 and 635 muy, respectively. 

Enzyme Assay—The activity of p-arabitol dehydrogenase was 
measured by following the reduction of DPN at 340 my in a 
model DU Beckman spectrophotometer. The temperature of 
the cuvette compartment was maintained at 25 + 0.2°. The 
enzyme was first incubated for 1 minute with 0.1 ml of neutral- 
ized 0.01 Mm DPN. This was followed by the addition of 2.0 
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ml of 0.2 m tris(hydroxymethyl)aminomethane at pH 9.0 and 
sufficient water to give a final volume of 3.0 ml. The reaction 
was initiated by the addition of 0.3 ml of 0.5 m p-arabitol or 
p-mannitol. The reaction blank contained all components ex- 
cept the substrate. The initial slope during the first 45 seconds 
was used to calculate the enzyme activity which was generally 
expressed as umoles of DPN reduced per minute per mg of pro- 
tein. The protein was determined by the use of the Folin- 
Ciocalteu phenol reagent, according to the procedure described 
by Lowry et al. (7). 

Purification of v-Arabitol Dehydrogenase—Unless otherwise 
specified, all the purification procedures were carried out at 0°. 
One to two liters of fully grown cultures sufficed for small scale 
purifications. The sonicate of cells grown anaerobically on 0.2% 
p-arabitol was used as the starting material. To the supernatant 
fraction, 1% protamine sulfate pH 7.0 was added dropwise. 
Mixing was accomplished by gentle magnetic stirring. A total 
of 2.5 ml of protamine sulfate solution was added for each 100 


TABLE I 
Purification of p-arabitol dehydrogenase 


| Specific activity* 
Fraction Total protein — Yield 
p-Arabitol | yfannitol 
mg % 
Crude extract............ 220 1.84 0.91 100 
Protamine sulfate super- 
natant fraction I....... 90 | 4.20 2.00 90 
Calcium phosphate super- 
natant fraction......... 69 | 2.20 76 
Protamine sulfate super- 
natant fraction II...... 34 3.50 59 
Ammonium sulfate, 53% 
12 14.6 7.20 44 
Ammonium sulfate, 53- 
60% saturation......... 5 7.5 3.70 8 


* Micromoles of DPNH formed per minute per mg of protein. 
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Fig. 1. Reversal of DPNH formation by the addition of p-xylu- 
lose. The usual assay procedure was modified in the following 
manner in this experiment: 0.2 Mm potassium phosphate pH 7.0 re- 
placed 0.2 m tris(hydroxymethyl)aminomethane as buffer, and 
the amount of p-arabitol used was reduced from 150 to 20 umoles. 
At the time indicated by the arrow, approximately 20 umoles of 
p-xylulose were added to the cuvette in which the reaction was 
taking place. 
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mg of protein. A 5-minute equilibration period was allowed 
after the completion of this treatment. The precipitate was 
then removed by centrifugation at 30,000 x g, and the super. 
natant fluid was next treated with calcium phosphate gel (90 mg 
dry weight for each 100 mg of protein). The mixture was again 
centrifuged. The supernatant fraction was treated with prota- 
mine sulfate for a second time (1.4 ml for each 100 mg of protein) 
with another 5-minute equilibration period. After centrifuga- 
tion, the supernatant fluid was treated with ammonium sulfate 
saturated at 0°. The proteins precipitated between 0 and 53% 
saturation of ammonium sulfate were collected by centrifugation, 
This fraction usually contained half of the total starting enzyme 
activity with about an 8-fold purification. Attempts to purify 
the enzyme further by dialysis against solutions of low ionic 
strength, by heat treatment, or by isoelectric precipitation were 
not successful. Results of a typical purification procedure are 
summarized in Table I. 

Heat Inactivation of Enzyme—The high temperature coefficient 
of heat inactivation of the enzyme made it desirable to minimize 
the time required to bring a sample of enzyme to thermal equilib- 
rium. This was accomplished by first pre-warming 9 ml of 0.05 
M potassium phosphate at pH 7.0 with magnetic stirring in a 
small vessel with a water jacket connected to a constant tem- 
perature water bath. Rapid circulation of water through the 
jacket of the glass vessel made it possible to maintain the tem- 
perature of the contents in the center well to within 0.1°. After 
temperature equilibration was attained, 1 ml of a concentrated 
enzyme solution was pipetted into the center well containing the 
phosphate buffer. Thermal equilibrium was usually re-estab- 
lished within 2 minutes, at which time a small aliquot (0.5 to 
1.0 ml) of the diluted enzyme was quickly withdrawn and chilled 
in a thin walled test tube placed in ice water. This was taken 
as the zero time sample. Successive aliquots were then with- 
drawn periodically and chilled. The cooled samples were spun 
in a refrigerated Servall centrifuge at 30,000 xX g for 15 minutes. 
The clear supernatant fractions were assayed for the enzyme 
activity. 


RESULTS 


Dehydrogenation of p-Arabitol and p-Mannitol—The partially 
purified enzyme catalyzed the reduction of DPN, but not TPN, 
in the presence of D-arabitol. This reaction was reversed upon 
the addition of p-xylulose (Fig. 1). The enzyme also reduced 
DPN in the presence of p-mannitol and oxidized DPNH_ in the 
presence of D-fructose, but not D-mannose. TPN was again 
found to be inactive. The product formed from p-arabitol gave 
a resorcinol ferric chloride color resembling that given by pD- 
xylulose, but differed from that given by p-ribulose (see previous 
section). Similarly the product formed from p-mannitol re- 
sembled p-fructose (Fig. 2). It should be noted that in each 
case the product was a 2-keto sugar. This information is perti- 
nent to the stereospecificity of the enzyme, which will be dis- 
cussed below. 

Two Dehydrogenations Catalyzed by the Same Enzyme—Several 
lines of evidence indicated that both p-arabitol and p-mannitol 
were attacked by the same enzyme. First, the ratios of the two 
activities did not change during purification of the protein (Table 
I). Secondly, when both substrates were presented to the en- 
zyme, each at concentrations saturating the enzyme, there was 
no summation in the rate of DPNH formation (Fig. 3). Thirdly, 
the catalytic powers on both substrates were destroyed at identi- 
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eal rates during heat treatment of the enzyme at three different 
temperatures (Fig. 4). It is of interest to note that the rate of 
inactivation of this enzyme was very temperature-sensitive; the 
Qio was 1.0 X 10‘ from 42 to 47°. Fourthly, as will be shown 
below, the two activities fluctuated together in extracts prepared 
from cells grown under different conditions. 

It was also found that the enzyme acted on both substrates 
optimally at pH 9 (Fig. 5) and that the activities with both sub- 
strates were affected in parallel by various metal-complexing 
agents (Table II). 

Substrate Specificity of p-Arabitol Dehydrogenase—<A prelimi- 
nary study revealed that this enzyme displayed no activity to- 
ward myo-inositol, glycerol, and ribitol. Therefore, the activity 
under investigation could not be attributed to inositol dehy- 
drogenase (9), glycerol dehydrogenase (5, 10), and ribitol dehy- 
drogenase (11), already described for A. aerogenes. 

Several polyhydric alcohols were then tested as_ possible 
substrates for this enzyme, with a view of delineating its stereo- 
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Fic. 2. Identification of the reaction products formed enzy- 
matically from D-mannitol and D-arabitol by means of absorption 
spectra of resorcinol-ferric chloride complexes. For details see 
text. 
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Nie. 3. DPNH formation in the presence of p-arabitol, p-man- 
nitol, and both. Other conditions were the same as described in 
the text under ‘Experimental Procedure—Enzyme Assay.”’ 
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Fig. 4. Rates of heat inactivation of the enzyme as measured 
by both substrates. 
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Fic. 5. Activity of the enzyme as a function of pH measured by 
both substrates. 
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TABLE II 


Effect of metal-complexing agents on p-arabitol and 
p-mannitol dehydrogenating activities 


Inhibition 
Chelator Concentration é 
ip-Arabitol Mannitol 
M %o % 
a,a-Dipyridyl............... 2X 10-3 19 17 
1,10-Phenanthroline......... 2X 10-3 37 40 
Diethyldithiocarbamate..... 1X 10°? 28 31 


specificity. The results obtained with a series of pertinent com- 
pounds are summarized in Fig. 6. The configurations of the 
hydroxyl groups of these compounds are given in the center of 
the table, with carbon 1 starting from the left. In the cases of 
p-arabitol and p-sorbitol, it was also necessary to consider the 
relative positions of the hydroxyl groups with the carbon 1 atoms 
placed on the right. These representations are marked by double 
asterisks beside the structural diagrams. An examination of the 
structures represented in the figure permits us to conclude that 
p-arabitol dehydrogenase was specific not only for the chain 
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length of the substrate, but also the configurations at carbons 2, TaBLE V 
3, 4, and 5 in the polyhydric alcohol. Induction of p-arabitol dehydrogenase in presence of 
First it may be noted that the enzyme showed significant ac- another energy and carbon source 
tivities toward only p-arabitol and p-mannitol. In p-mannitol, In all experiments, 0.2% of each compound was used. In the 


the hydroxyl groups at carbons 2 and 3 are in the L configuration, nixed substrate experiments, the cells were pregrown on the second 
whereas those at carbons 4 and 5 are in the D configuration. compound. About three doublings in cell population were al. 
That same sequence of arrangement is also exhibited by D-arabi- lowed under each experimental condition, and in all cases the cells 
tol. The hydroxyl group on carbon 5 of p-arabitol is indicated were harvested before glycerol, ribitol, p-mannitol, or D-glucose 
by a broken bar, since it cannot be assigned solely to either of | could be depleted. 


the two positions and may be regarded as existing in both steric 1 

arrangements. This being so, the minimal structural difference Coieaieiiilig ti aint 
between D-arabitol and p-mannitol would be the extra hydroxy- 


methyl group (carbon 6) possessed by the latter. This seems to 


be sufficient to render D-mannitol half as reactive as D-arabitol. units/mg protein 


Meso-erythritol, the third compound listed in Fig. 6, can have be 0 21 0.70 
sissies p-Arabitol + ribitol.............. 0.13 1.10 
p-Arabitol + p-mannitol......... 0.07 0.37 
p-Arabitol + p-glucose........... 0.00 0.00 
Configuration Relative Rate 
of Reaction 
; all its hydroxyl groups conform to the prescribed positions, but 
CO in that case, the lack of the fifth carbon made the compound | 
cH,OH ———L_1— totally immune to catalytic action by the enzyme. 
Meso-Erythritol CH,OH —-——— H 0 Xylitol differs from pD-arabitol in the configuration of its hy- | 
Xylitol cH,on —L,—11_ 0 droxyl group on carbon 2, and was found to be inactive. _p-Sor. 
D- Sorbitol 1 cu,0n (0)" bitol, which differs from D-mannitol in an analogous manner, was 
D-Arabitol cH,oH ~—L1L=— ns. (0) also found to be inactive. If the schematic representation of 
Ribitol CH,OH 4——F nil 0 p-arabitol is reversed by orienting carbon 5 on the left instead 
D- Sorbitol CH,OH —-—7—l_——._ CH, OH «* 7° of on the right, as shown on the sixth line of Fig. 6, then the posi- 
tion of the hydroxyl group third from the left would be in the 


Fic. 6. Activity of p-arabitol dehydrogenase on various poly- wrong configuration. In this case, attack by the enzyme on the 
hydric alcohols. All compounds were tested at 0.02 mM. * Activ- hydroxyl group second from the left would produce p-ribulose 
ity ascribed to second orientation of bD-sorbitol, in view of the fact and not p-xylulose. In fact, the product of the enzyme reaction 
that xylitol (hydroxyl group on carbon 3 in wrong configuration) a 3 is 
had no measurable activity. ** Carbon 1 placed on the right side. snes ited lulose. Therefor e, the enzyme must be sensitive toa 

change in the position of the hydroxyl group on carbon 3. _ Ribi- 


3 
| tol, which differs from D-arabitol in the configuration at carbon ] 
Comparison of p-arabitol and p-mannttol as substrates 4, also could not serve as a substrate. Finally, if p-sorbitol is 
, reversed (last line in Fig. 6), the hydroxy] group fifth from the 
Substrate Km Vmax" left would have the wrong orientation. As we may see, in either | ( 
of the two possible orientations, p-sorbitol was at best a very | - 
p-Arabitol........... 3.5 X 1073 1.0 poor substrate, although the steric requirement at carbon 5 did 
p-Mannitol.......... 6.1 X 10-3 0.62 not appear to be as rigid as at carbons 2, 3, and 4. This slight 
activity with p-sorbitol could not be ascribed to a p-sorbitol de- 
Arbitrary unit. hydrogenase carried along with the p-arabitol dehydrogenase 
: during purification of the latter, since extracts from cells grown D 
Taste IV ; on p-sorbitol, either aerobically or anaerobically, had no demon- G 
p-Arabitol dehydrogenase levels in cells grown on different strable p-sorbitol dehydrogenase activity. R 
carbon and energy sources Further characterizations of the enzyme are given in Table | ” 
|” III, which summarizes the Michaelis-Menten constants (Kn) 
Source of carbon and | Condition of growth and Vmax for D-arabitol and p-mannitol, as determined by the 
p-Arabitol as_| D-Mannitol _Lineweaver-Burk treatment. It might be noted that the enzyme 
NER nts worked more efficiently on pb-arabitol with respect to both of 
units/mg protein these parameters. On the strength of the above information 
p-Arabitol......... Anaerobic 2.20 1.20 and on the basis of the specificity data, the enzyme should be 
p-Mannitol........ Anaerobic 0.00 0.00 more appropriately named p-arabitol dehydrogenase. Evidence x 
indicating that this indeed was the biological function of the S 
p-Arabitol......... Aerobic 0.29 0.17 enzyme will be presented. pe 
pD-Mannitol........|. Aerobie 0.00 0.00 Induction of p-Arabitol Dehydrogenase—Among the compounds : 
p-Mannose......... Aerobic 0.03 0.015 tested possible for the only arahito D- 
highly effective (Table IV). Moreover, high levels of this en- : 
p-Fructose......... Aerobic 0.00 0.00 ‘ D- 
zyme could be induced only under anaerobic conditions, although ee 
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these organisms could utilize D-arabitol as sole source of carbon 
and energy, both aerobically and anaerobically. It is note- 
worthy that although D-mannitol was a fairly active substrate 
for the enzyme, it did not induce formation of the enzyme, even 
under anaerobic conditions. D-Arabitol dehydrogenase activity 
was not detectable in cells grown aerobically on ribitol, myo- 
inositol, p-sorbitol, or glycerol. 

Table V shows that the induction of D-arabitol dehydrogenase 
could be repressed by presenting the cells with another source 
of energy. The degree of repression seems to be related to the 
rate at which the alternative energy source could support growth 
under the experimental conditions (Table VI). Thus, p-manni- 
tol and p-glucose, both of which allowed the most rapid growth 
both aerobically and anaerobically, also had the most powerful 
repressive effects under the two conditions. However, it is per- 
haps significant that the metabolism of p-mannitol, in contra- 
distinction to D-glucose, did not completely repress the formation 
of the enzyme. This differential effect was especially noticeable 
under anaerobiosis. It is possible that D-mannitol had two oppo- 
site effects on this particular enzyme-forming system: as an 
energy source, it acted as an agent of repression, and as a struc- 
tural analogue of p-arabitol, it mimicked the action of the in- 
ducer. 

Glycerol permitted more rapid growth than did D-arabitol only 
anaerobically, and it was under these conditions that glycerol 
repressed D-arabitol dehydrogenase induction. On the other 
hand, ribitol, which permitted growth at a rapid rate aerobically 
but did not support growth anaerobically, had a significant re- 
pressive effect only under the former conditions. These experi- 
mental results are in concordance with the postulate of Neidhardt 
and Magasanik that a compound could repress the induction of 
enzymes dissimilating a second compound whenever more rapid 
generation of energy (or its metabolic equivalents) could be ob- 
tained from the first (12). 

Induction of v-Arabitol Dehydrogenase in A. aerogenes Strain 
1041—Since A. aerogenes strain 1041 was also found to be capa- 


TaBLe VI 
Growth rates of strain P14 on various sources of carbon and energy 


Doubling time 
Compound 
Aerobic Anaerobic 
min 
p-Arabitol............ 35 107 
D-Mannitol........... 32 50 
D-Glucose............ 33 50 


* Too slow to be determined. 


TaB_LeE VII 


Induction of p-arabitol dehydrogenase in Aerobacter 
aerogenes strain 1041 


Source of carbon and energy Condition of growth Enzyme level 
units/mg protein 
D-Arabitol............ Aerobic 0.27 
D-Arabitol............ Anaerobic 1.70 
D-Mannitol........... Anaerobic 0.01 


E.C.C. Lin | 35 


ble of utilizing p-arabitol as sole source of carbon and energy, the 
organism was examined for the presence of a similar DPN-linked 
p-arabitol dehydrogenase. Such an enzyme indeed was found. 
Moreover, it also attacked D-mannitol as a substrate. Table VII 
shows that the enzyme was induced by pD-arabitol but not by 
D-mannitol, and, as in strain P14, the enzyme was induced to a 
higher level anaerobically. 


DISCUSSION 


The catalytic properties of D-arabitol dehydrogenase poten- 
tially could make this enzyme useful for the utilization of both 
p-arabitol and of p-mannitol, since the latter could be converted 
by the enzyme to p-fructose which was found to be a growth- 
supporting compound for this organism. It is of interest to find 
that in vivo, only one of the two potential catalytic activities was 
actually utilized, since D-mannitol not only failed to induce the 
formation of this enzyme, but actually repressed its induction 
by p-arabitol. The preferred pathway for the dissimilation of 
D-mannitol in this organism was presumably the one described 
by Wolff and Kaplan which involves a p-mannitol kinase and a 
D-mannitol-1-phosphate dehydrogenase (13). It would be in- 
teresting to see whether an organism with a genetic block in this 
pathway would be able to divert its D-mannitol metabolism 
through p-arabitol dehydrogenase when the latter is induced by 
p-arabitol. It would also make it possible to test whether p- 
mannitol itself could act as an inducer of the enzyme. Prelimi- 
nary exploration in this direction is now being conducted in this 
laboratory. 

The low levels of D-arabitol dehydrogenase in cells growing 
aerobically on pD-arabitol suggest that the mode of p-arabitol 
utilization was similar to that of glycerol utilization; namely, 
that the DPN-linked dehydrogenase was important only under 
anaerobic conditions, and that with sufficient oxygen, an alter- 
native pathway was exploited (4). However, attempts to detect 
p-arabitol phosphorylating activity in extracts from cells grown 
aerobically on D-arabitol by a method similar to the one used for 
assaying glycerol kinase (4) were unsuccessful. Furthermore, in 
the case of D-arabitol dehydrogenase, it was not possible to reduce 
the enzyme to a metabolically insignificant level by vigorous 
oxygenation, a method which was used for glycerol dehydro- 
genase to demonstrate alternate pathways (4). It is, therefore, 
not clear whether the apparent repression of D-arabitol dehy- 
drogenase formation during aerobic utilization of D-arabitol was 
a consequence of the development of a second metabolic pathway, 
or whether it simply resulted from more efficient generation of 
energy via oxidative phosphorylation. 


SUMMARY 


A diphosphopyridine nucleotide-linked pD-arabitol dehydro- 
genase has been purified from Aerobacter aerogenes. The enzyme 
converted D-arabitol to D-xylulose, and p-mannitol to p-fructose. 
Studies on the stereospecificity of the enzyme revealed that the 
enzyme was sensitive to the chain length of the polyhydric alco- 
hol substrate, as well as to the configurations of the hydroxyl 
groups at carbons 2, 3, 4, and 5, although the steric requirement 
for carbon 5 did not appear to be as rigid as those of the others. 
The formation of the enzyme was induced by p-arabitol but not 
by p-mannitol, although the organism could grow on the latter. 
Metabolism of D-mannitol repressed the induction of the enzyme 
by p-arabitol. High levels of the enzyme were induced by p- 
arabitol only under anaerobic conditions. 
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Presumptive evidence was recently reported for the existence 
of two types of lipoxidase enzymes (1). Differences in physical 
properties of lipoxidase preparations from soybeans (1) and other 
legumes (2) have been enumerated. Studies showing differences 
in reactivity of lipoxidases to activators and inhibitors would 
give further evidence to support their existence. Haining and 
Axlerod (3), using a soybean lipoxidase, reported that Tweens 
90, 40, 60, and 80 shortened the induction period in a linoleate 
substrate, pH 9.7. In the concentration range of 16.6 to 83.6 
mg/100 ml, Tween 60 caused successive reduction in the length 
of the induction period. Triton X-100 was reported to have an 
effect similar to that of the Tweens. 

Tappel et al. (4) tested a number of phenolic antioxidants and 
all were found to inhibit linoleate oxidation by soybean lipoxidase. 
With the use of direct spectrophotometric and oxygen absorption 
techniques, it was shown that decrease in linoleate peroxide was 
greater than reduction in oxygen absorption in the presence of 
y-tocopherol. The authors conclude that the probable domi- 
nating reaction is an oxidation of y-tocopherol catalyzed by the 
lipoxidase-linoleate complex. The effect of ‘y-tocopherol is 
probably similar to the coupled carotene oxidation reported by 
Sumner and Smith (5). 

The present report is concerned with the effects of the addition 
of surface-active agents and of antioxidants on the substrate- 
specific enzymes from several legume species. Data are also 
presented on the relative stabilities of these enzymes. 


EXPERIMENTAL PROCEDURE 
Materials and Methods 


Substrates from purified linoleic acid and trilinolein and buffers 
were prepared as previously described (1). Enzyme extraction 
and reaction methods are given in the same paper. 

Surface-active Agents—Standard solutions were prepared with 
distilled water and the appropriate amount added to obtain the 
desired quantity of surface-active agent in the reaction mixture. 
The following materials were studied : (a) Tween 40 (polyoxyethy!- 
ene sorbitan monopalmitate), 1% solution (Atlas Chemical Com- 
pany), and (6) Triton X-100 (an octylphenoxyethanol deriva- 
tive), 3% solution (Rohm and Haas). 

Antiozidants—Standard solutions of antioxidants were pre- 
pared with 95% ethanol. y-Tocopherol and BHT"! solutions 
contained 1.39 * 10-5 and 4.35 X 10-5 mole per ml, respectively. 


* This paper reports research conducted by the Quartermaster 
Food and Container Institute for the Armed Forces and has been 
assigned Nr. 2048 in the series of papers approved for publications. 
The views or conclusions contained in this report are those of 
the authors. They are not to be construed as necessarily reflect- 
ing the views or indorsement of the Department of Defense. 

1The abbreviation used is: BHT, dibutylhydroxytoluene. 


Hydroperoxide determination was made by the colorimetric 
determination of Sumner (6) as modified by Koch et al. (1). In 
the presence of Triton X-100, enzyme activity was followed by 
measuring diene conjugation at 233 my (3, 4). The method 
used was as follows: two-milliliter aliquots of reaction mixture 
were pipetted into 25 ml of 95% ethanol and the absorbency 
read against a biank of the reaction mixture minus enzyme, 
with the use of a Beckman DU spectrophotometer and 1 em 


cuvettes. 
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RESULTS AND DISCUSSION 


Effect of Tween 40 on Peanut and Soybean Lipoxidase Activity— 
Tweens have been used to improve the emulsion stability of 
reaction mixtures used for lipoxidase studies. Haining and 
Axelrod (3) have reported that Tweens are effective in reducing 
the induction period for peroxide formation by soybean lipoxi- 
dase acting on linoleic acid at pH 9.7. The authors state that 
increasing amounts of Tweens exerted an inhibitory effect. This 
inhibitory effect was also noted at pH 8.3 in the present study. 
The inhibitory effect of Tween 40 was also observed with peanut 
lipoxidase. Table I shows the effect of increasing concentration 
of Tween 40 on the lipoxidase activity from peanuts with linoleic 
acid and trilinolein as substrates. 

The inhibitory effect was quite different on the two substrates. 
There was an apparent competitive inhibition with the linoleic 
acid activity, whereas nearly complete inhibition was observed 
for the trilinoleineven at the lowest level (10 mg/100 ml) of Tween 
40. 

The trilinolein and linoleic acid lipoxidase activities from 
soybean also showed differences in sensitivity to Tween 40 
(Table II). The trilinolein activity of soybean showed extreme 
sensitivity to Tween 40. At nearly equal enzyme activities, 
only one-quarter as much Tween 40 was necessary for complete 
inactivation of trilinolein activity from soybean as that observed 
for peanuts (Tables I and II). 

With the linoleic acid lipoxidase of soybean the effect of Tween 
40 was most interesting. In concentrations up to 7.5 mg/100 ml, 
there was enhancement of the enzyme activity which is similar 
to the observation of Haining and Axelrod (3). Above this 
level, however, it appeared to act as a competitive inhibitor. 
Although these effects were similar to those of the peanut lipoxi- 
dase, it was observed that soybean trilinolein activity was more 
sensitive than that of peanut. These differences in the inhibitory 
effects of Tween 40 lend further evidence to the existence of the 
two types of lipoxidase which have been proposed by Koch e¢ al. 
(1). 


The effect of increasing substrate concentration at a constant 
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TABLE I for 50 mg of Tween 40 added. However, addition of 2 and 3 
Effect of Tween 40* on peanut lipoxidase activities times the amount of substrate not only overcame the inhibiting 
Reaction mixture: 3.5 X 10-4 moles of linoleic acid and 2.2 x _ effect but had an accelerating effect on the peroxide production, 
10-* moles of trilinolein, 0.01 m buffer, 20°, 16-minute reaction That this was not merely a substrate effect is also shown in Table 
time, enzyme extract (100 mg/ml) 0.05 ml. III. The increased substrate concentration at constant enzyme 
‘ level was somewhat inhibitory. The unusual effects of Tween 
saat 40 on lipoxidase activity is not understood but is under further 
Linoleic acid Trilinolein investigation. a oe 
Tween 40 | Effect of Triton X-100 on Legume Lipoxidase Actinty—Triton 
Absorbency at 480 mp X-100 is an efficient emulsifier used in some detergents. When 
(pH 8.5) (pH 7.0) 
TABLE IV 
~~ Effect of Triton X-100 on legume lipoxidase activities 
0 0.431 0.460 Reaction mixture: 0.20 ml of enzyme extract* (100 mg/ml), 
10 0.255 0.038 3.5 X 10-* moles of linoleic acid, 2.2 X 10-4 moles of trilinolein, 
0.01 at buffer, 20°. 
30 0.095 0.001 
Absorbency at 233 mu 
* Polyoxyethylene sorbitan monopalmitate. aaa 
Legume 
eanut oy n avy bean 
Effect of Tween 40 on soybean lipoxidase activities Time ) 
Reaction mixture: 2.2 X 10-4 moles of trilinolein or 3.5 K 1074 Control Tritont Control Tritont Control Tritont | 
moles of linoleic acid, 0.01 m buffer, soybean extract 100 mg/ml; 
for trilinolein, 0.20 ml of soybean extract added, 16-minute incu- Linoleic Acid 
bation, pH 5.5; for linoleic acid, 0.05 ml of soybean extract added, Bee fo 
8-minute incubation, pH 8.3. Ge 80 
ac 
Trilinolein | Linoleic acid nat 
| 2 0.030 0.022 0.021 0.010 0.023 0.029 
Absorbency at , Absorbency at 4 0.078 0.012 0.073 0.030 0.023 0.013 
sate 480 my Pbeucwrs 480 my 8 | 0.128 | 0.012 | 0.215 | 0.088 | 0.065 | 0.025 
16 0.168 0.000 0.412 0.125 0.159 0.029 } 
mg msg 
2.2 
0 0.400 0 0.665 Trilinolein bu 
0.25 0.400 2.5 0.700 | ou 
0.50 0.270 5.0 0.710 (pH 5 5) (pH 5.5) (pH 5.5) 
0.75 0.235 7.5 0.900 
1.0 0.060 10.0 0.700 2 | 0.055 | 0.008 | 0.046 | 0.037 | 0.116 | 0.000 
1.5 0.050 20.0 0.630 4 | 0.080 | 0.020 | 0.051 | 0.022 | 0.153 | 0.000 
2.0 0.010 30.0 0.445 8 0.103 | 0.009 | 0.072 | 0.033 | 0.238 | 0.007 
2.5 0.000 _— 40.0 0.410 16 | 0.131 | 0.019 | 0.110 | 0.053 | 0.263 | 0.000 “ 
| 50.0 0.370 
= | * 0.05 ml of soybean extract used with linoleic acid substrate. 
t 30 mg of Triton X-100 added. 
TABLE III 
Effect of increasing substrate concentration on amount of inhibition , Vv 
from Tween 40 on soybean lipoxidase 
Reaction mixture: 0.05 ml of enzyme solution (10 mg/5 ml Effect of soybean extract on 
special freeze-dried preparation), 0.01 m buffer, 20°, 8-minute-re- Reaction mixture: 3.5 X 10~* moles of linoleic acid, soybean 
action time, pH 8.3. extract 100 mg/ml, pH 8.3, 0.01 m buffer, 20°. 
Absorbency at 480 my Extract 
Linoleic acid 
Tween 40 Absorbency at 480 mu 
Time 
moles *X 1074 0 mg 50 mg 0.10 ml 0.20 ml 
3.5 0.470 0.188 
7.0 0.361 0.540 Control Triton* Control Triton*® 
10.5 0.321 0.889 oe 
min 
2 0.118 0.063 0.275 0.126 30m 
‘ . 237 . 136 0.354 0.262 
level of Tween 40 is shown in Table III. A special freeze-dried : : ved ; 256 | 0.325 | 0.409 soyb 
fraction of a soybean extract with little or no trilinolein was used. 16 0.304 | 0.350 | 0.314 | 0.460 trilin 
With the same experimental conditions as in Table II, greater sans mg a 
than 50% inhibition of the linoleic acid activity was observed * 30 mg of Triton X-100 added to reaction mixture. perc 
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Fic. 1. Relationship between diene conjugation and peroxide 


2 4 6 


formation for two levels of enzyme extract. Reaction mixture: 
soybean extract 0.2 ml, pH 8.3, 20°, 3.56 X 10-4 moles of linoleic 
acid. 
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when used in the presence of a very small amount of soybean 
extract (0.05 ml), the induction period was not diminished, but 
the over-all reaction was greatly reduced. 

It can be seen in Table IV that the presence of Triton X-100 
caused a decrease in reaction rate at the lowest level of enzyme 
extract (0.05 ml). Table V shows the effect of higher enzyme 
concentration at the same Triton level used above. Here the 
initial rate of reaction appeared lower in the presence of Triton, 
but there was an apparent shift in rate with increase in enzyme 
extract. The reason for this apparent shift can be seen in 
Fig. 1. At the low enzyme level there was a steady increase in 
hydroperoxide after a short induction period. The diene con- 
jugation curve correlated very closely with the peroxide curve. 
However, when 4 times the amount of enzyme was used a most 
unusual effect was observed (Fig. 1). The extremely rapid 
production of peroxide followed by an equally rapid decrease 
has been observed many times but as yet no explanation has 
been found. The rapidity of the loss of peroxide suggested that 
it was enzymatic. Nevertheless, this unusual occurrence ex- 
plains the apparent shifts in rate of reaction of lipoxidase in 
the presence of Triton X-100. The reduction in enzyme activity 


TaBLeE VII 
Effect of 5-minute delay between addition of enzyme and substrate 
to reaction mixture on lipoxidase activity 
Reaction mixture: 2.2 X 10-4 moles of trilinolein or 3.5 K 10-4 
moles of linoleic acid, 0.01 m buffer, 16-minute reaction time 20°. 


Absorbency at 480 mu 
TABLE VI 
Effect of antioxidants on peanut lipoxidase activities Enzyme source 
Reaction mixture: Linoleic acid 1.75 X 10-4 moles or trilinolein 5-min jam 
2.2 X 10-* moles. Peanut extract (100 mg/ml) 0.50 ml, 0.01 m pH | delay [NO 
buffer, 8-minute reaction time, 20°. 
Soybean* 5.5 | 0.412 | 0.385 | 8.3 | 0.340 | 0.585 
Absorbency at 480 my Navy beant 7.5 | 0.293 | 0.305 | 7.0 | 0.090 | 0.300 
Peanutt 7.0 | 0.520 | 0.570 | 8.5 | 0.030 | 0.260 
y-Tocephesst Linoleic acid Trilinolein Small red beant 7.5 | 0.189 | 0.199 | 7.0 | 0.030 | 0.100 
(pH 7.5) (pH 5.5) * Enzyme extract, 5 mg/ml freeze-dried sample. 
PD + Enzyme extract (100 mg/ml), 0.20 ml. 
0 0.640 0.530 ~ Enzyme extract (100 mg/ml), 0.50 ml. 
0.70 0.515 0.395 
1.39 0.456 0.242 Taste VIII 
2.08 0.420 0.210 Stability of legume lipoxidase extracts 
Reaction mixture: 2.2 X 10- moles of trilinolein or 3.5 x 10-¢ 
Absorbency at 480 mp moles of linoleic acid, 0.20 ml of enzyme extract except soybean 
and navy bean (100 mg/ml), 0.01 m buffer, 8-minute reaction 
BHT Linoleic acid Trilinolein time, 20°. 
(pH 7.5) (pH 5.5) Absorbency at 480 mu 
10-5 moles one ‘ 
E Trilinolein Linoleic acid 
0 0.540 0.560 
1.13 0.570 0. a 48 h me 
4.53 0.5 
Soybean* 0.680 0.420 0.950 0.900 
Navy beanf 0.397 0.141 0.490 0.419 
30 mg/100 ml were added to reaction mixtures containing peanut, 
soybean, and navy bean extracts, both the linoleic acid and the iain a i es 0.31 4 01 60 01 64 pee 
trilinolein activities were inhibited as shown in Table IV. Hain- vita : 


ing and Axelrod (3) have reported a decrease in the induction 
pericd with Triton X-100. However, asseen in Table IV, even 


* 0.050 ml of extract used for linoleic acid. 
tT 0.50 ml of extract used. 
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caused by the presence of Triton was such that the build-up and 
reduction in hydroperoxide was affected, enabling lower enzyme 
activity to reach a higher final peroxide value as seen in Fig. 1. 

The Effect of Antioxidants on Peanut Lipoxidase—Substituted 
phenols are effective inhibitors of thermally catalyzed autoxida- 
tion of unsaturated lipids. Tocopherol and BHT are typical 
natural and synthetic phenolic antioxidants, respectively. When 
added to peanut lipoxidase reaction mixtures, y-tocopherol 
(1.39 x 10-5 moles) reduced the activity on linoleic acid by 
about one-third and the trilinolein activity by over 50% (Table 
V1). However, BHT, even when used at 4.5 & 10-5 moles, had 
no effect. The reason for the difference in effect of these two 
antioxidants is not understood. 

Tappel et al. (4) have reported that y-tocopherol inhibits 
soybean lipoxidase. They also reported that the lipoxidase- 
linoleate complex catalyzes the oxidation of y-tocopherol when 
it is present in large concentration. Another possible explana- 
tion for this effect is that the large and unsaturated tocopherol 
molecule aligns on the enzyme surface and competes directly 
with linoleate for the active enzyme sites. However, the smaller, 
saturated molecule of BHT is unable to compete for the active 
sites on the lipoxidase and has no observable effect at the con- 
centrations tested. 

Stability of Lipoxidase Activity of Legume Extracts—It had 
been repeatedly observed that the lipoxidase activity decreased 
rapidly when enzyme extracts were allowed to stand. In Table 
VII it can be seen that in the four legumes tested in the buffered 
reaction mixtures minus substrate, the linoleic acid activity was 
less stable than the trilinolein activity. This characteristic, 
which was evident only in dilute solution, is further evidence for 
the existence of two enzymes. The loss in activity for soybeins 
and peanuts may be attributable to the differences in pH of the 
dilute solutions, but this explanation does not appear. to hold 
for navy beans and small red beans. 

In more concentrated extracts (Table VIII) the relative stabili- 
ties were related to legume species rather than to substrate 
specificity of the enzyme. In soybeans, navy beans, and green 
peas, the linoleic acid activity was the more stable; in small red 
beans, both activities showed poor stability, whereas in peanuts 
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the trilinolein activity was the more stable and the linoleic acid 
activity was least stable of the five legumes. 

If decrease in activity on standing in dilute solution was due 
to protein denaturation, then it appears that the linoleic acid- 
specific enzyme is the more easily denatured. 


SUMMARY 


The effects of surface-active agents and antioxidants on legume 
lipoxidase activity have been studied. Triton X-100 proved 
to have an inhibitory effect against both trilinolein and linoleic 
acid oxidation. It appeared to be somewhat more effective 
than Tween 40 in the inhibition of linoleic acid activity. How- 
ever, the triglyceride lipoxidase activity was highly sensitive to 
the latter surface-active agent, whereas the linoleic lipoxidase 
appeared to be competitively inhibited by it. 

Two antioxidants, y-tocopherol and dibutylhydroxytoluene, 
were studied for their action on lipoxidases. It was postulated 
that the markedly greater effect observed for tocopherol is re- 
lated to its molecular similarity to a lipid. 

Inactivation of the lipoxidases of legume extracts on standing 
in both dilute and concentrated solutions was studied. In dilute 
solution the trilinolein-specific enzyme was more stable in all 
species tested. In the more concentrated extracts the relative 
stabilities varied with legume species. 

All of these observations further support the existence of at 
least two lipoxidases in legumes, one specific for linoleic acid or 
other fatty acids with methylene-separated dienoic systems, and 
the other for glycerol esters of these fatty acids. 
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Previous reports from this laboratory have been concerned 
with the effects of epinephrine added in vitro on glucose metabo- 
lism by rat adipose tissue (1-3). Epinephrine action was found 
to be characterized by increased glucose uptake associated with 
a marked increase in the metabolism of labeled glucose carbon to 
CO. and to glyceride-glycerol, and with a relative decrease in 
the metabolism of glucose carbon to glycogen and to fatty acids. 
Epinephrine largely suppressed the stimulatory effect of insulin 
on glycogen and fatty acid synthesis from glucose. The in- 
creased recovery of glucose carbon in glyceride-glycerol made it 
dificult to attribute the well established effect of epinephrine 
upon the accumulation (4) and release (5) of free fatty acids 
to a decreased rate of esterification of fatty acids, and suggested 
that accelerated triglyceride breakdown is a more likely site of 
epinephrine action. Further evidence for accelerated lipolysis 
was provided by the finding of an increased release of free glyc- 
erol, presumably a product of triglyceride breakdown. Others 
have also obtained evidence for increased lipolytic activity in 
epinephrine-stimulated adipose tissue (6). Furthermore, since 
incubation in a medium containing high concentrations of free 
fatty acids had been shown to promote their uptake and esteri- 
fication (7) and simultaneously to stimulate glucose carbon me- 
tabolism in a manner similar to that resulting from the presence 
of epinephrine (3), the suggestion has been made that epineph- 
rine influences glucose metabolism as a secondary result of ac- 
celerated lipolysis. 

It seemed of interest to know whether the action of other 
hormonal agents known to increase the release of free fatty 
acids from adipose tissue in vitro, such as preparations of pitui- 
tary adrenocorticotropic and growth hormones (8), is exerted by 
a similar mechanism. The present report demonstrates that 
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ous paper in this series (VII) has appeared in J. Biol. Chem., 235, 
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1A report by W. S. Lynn, R. M. MacLeod, and R. H. Brown 
(J. Biol. Chem., 285, 1904 (1960)) has appeared after submission 
of this manuscript. Their data, concerning the action of epi- 
nephrine and ACTH, are in complete agreement with the observa- 
tions noted both in this paper and one previously published (3). 
Also comparable are the interpretations concerning the probable 
primary effect of these hormones on lipolysis and also the probable 
asymmetrical metabolism of glucose at the triose isomerase stage 
after stimulation by these hormones. 2 
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the effects on glucose metabolism obtained with epinephrine - 
can be qualitatively reproduced with preparations of adreno- 
corticotropic or growth hormone and further discusses the al- 
ready suggested relationship between accelerated lipolysis and 
alterations in glucose metabolism. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


The substrates used, the technique of incubation, and the 
chemical and radioactivity assay procedures were as previously 
described (3, 9, 10). Oxycel-adsorbed ACTH,? assaying ap- 
proximately 135 U.S.P. units per milligram, was generously sup- 
plied by Dr. S. W. Hier of the Wilson Laboratories. The two 
pituitary growth hormone preparations used were obtained 
through the Endocrinology Study Section of the National In- 
stitutes of Health. One was a beef preparation prepared by 
Armour Laboratories (lot R 50109, list 916) and was reported 
to contain less than 0.06 U.S.P. milliunit of ACTH activity per 
milligram. The other, a sheep preparation, possessed 70% of 
the growth-promoting activity of the beef preparation and had 
been prepared by Dr. A. E. Wilhelmi, Emory University. One 
milligram of this preparation was found to contain 0.2 U.S.P 
milliunit of ACTH activity, with the use of a highly sensitive 
and specific assay procedure involving stimulation of corticos- 
terone secretion by rat adrenal in vivo (11); the assay was per- 
formed by Dr. V. Keith Vance. Highly purified insulin was 
provided by the Lilly Research Laboratories, through the 
courtesy of Dr. W. R. Kirtley. 


RESULTS 


Effect of Preparations of ACTH and Sheep Growth Hormone on 
Glucose Uptake and Change in Medium Free Fatty Acids—lIn the 
series of experiments reported in Table I, preparations* of ACTH 
and growth hormone increased the uptake of glucose and the 
release of free fatty acids by adipose tissue. This is in contrast 
to the effects of insulin which increases glucose uptake (9, 12) 
but favors uptake of free fatty acids (5, 7) by the tissue. In 
the presence of maximal insulin stimulation (Table II), the sheep 


2 The abbreviation used is: ACTH, adrenocorticotropic hor- 
mone. 

3 The authors have purposely avoided attributing the activity 
noted on adipose tissue directly to ACTH or growth hormone, 
but rather to preparations of these hormones. Physiological in- 
terpretations have also been purposely avoided. 
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TABLE I 


Effect of preparations of ACTH (100 yg per ml) and sheep growth 
hormone (100 wg per ml) on glucose uptake and on net change in 
medium free fatty acids by rat adipose tissue in vitro 

Values in wmoles of glucose or free fatty acids per g of tissue wet 
weight per 3 hours. Glucose 5mm; initial medium free fatty acids 
0.65 mm. Mean of 15 experiments with standard errors. 


Hormonal effects* 
Sheep 
Control | ACTH — 
ormone Sheep growth 
ACTH hormone 


Glucose uptake, p- | 
0.338 + 0.93T 


A medium free fatty | 
acids/g tissue wet | | 
—0.60 +18.12 +14.37 +18.72 (+14.97 

| | ch 2.22 | + 0.93 

* Calculated from individual paired observations. 

Tp < 0.02. 


growth hormone preparation used can still increase the uptake 
of glucose significantly. 

Effect of Preparations of ACTH and Sheep Growth Hormone on 
Metabolism of Uniformly Labeled Glucose—As shown in Table 
III, both preparations of ACTH and growth hormone increase 
the recovery of label in CO: and glyceride-glycerol significantly, 
Although in accord with previous results, insulin stimulation js 
most evident on glucose carbon incorporation into fatty acid 
and glycogen. When ACTH and growth hormone are allowed 
to act upon insulin-stimulated tissues (Table IV), they clearly 
depress the effect of insulin on glycogen and fatty acid synthesis, 

Effect of Preparations of ACTH and Beef Growth Hormone on 
Metabolism of Specifically Labeled Glucose—In order to charac- 
terize further glucose metabolism in the presence of these hor- 
mones, adipose tissue fragments were incubated with either 
glucose-1-C™ or glucose-6-C™, and the metabolism of hormone- 
stimulated and control tissues from the same animal was com- 
pared. In the presence of the preparation of ACTH, as shown 
in Table V, oxidation of glucose carbon 6 to COs is increased to 
approximately 3 times the control value, whereas that of glucose 


TABLE II 


Effect of preparations of ACTH (100 ug per ml) and sheep growth hormone (100 wg per ml) in presence of insulin (0.1 unit per ml) on 
glucose uptake and on net change in medium free fatty acids by rat adipose tissue in vitro 


Values in upmoles per g of tissue wet weight per 3 hours. Glucose 5 mM, initial medium free fatty acids 0.65 mm. Mean of six ex. 


periments with standard errors. 


| ! Hormonal effects* 
| Control | Insulin 
| | Insulin ACTH 
pmoles | pmoles | pmoles pmoles pmoles | pmoles pmoles 
Glucose uptake............... 4.77 | 13.17 | 17.64 21.12 +8.40 41.71 +4.47 + 2.34) +7.95 4 1.95 
A Medium free fatty acids..... 0.00 | —2.34 | +11.88 +6.15 —2.34 + 0.69 | +14.22 + 3.06 | +8.49 + 2.55 


* Calculated from individual paired observations. 
tp < 0.01. 


TaBLeE III 
Effect of preparations of ACTH (100 wg per ml) and sheep growth 
hormone (100 wg per ml) on metabolism of uniformly labeled 
glucose by rat adipose tissue in vitro 
Values in wmoles of labeled glucose carbon recovered per g of 
tissue wet weight per 3 hours. Glucose 5 mM; medium free fatty 
acids 0.65 mm. Mean of 14 experiments with standard errors. 


Glucose carbon recovered Hormonal effects* 


| 
| Sheep Sh h 
Control, ACTH | growth! ACTH eep growt 
| |hormone hormone 


pmoles umoles 
6.18 9.51 11.46 +3.33 +5.28 
+ 0.51 + 1.02 


Glyceride-glycerolf. . .|11.64 21.54 26.52 |+9.90 +14.88 
+ 1.68 + 2.10 


Tissue fatty acids..... 2.37 2.62 3.18 +0.25 +0.81 
+ 0.33 | + 0.28 
0.102, 0.039: 0.087'—0.063 —0.015 


+ 0.021 + 0.012 


* Calculated from individual paired observations. 
Calculated as X glyceride-glycerol-a-carbon. 


carbon 1 remains unchanged, causing the ratio of glucose carbon 
1 to glucose carbon 6 recovery in CO, to decrease from 2.72 to 
0.87. In the a-carbon of glyceride-glycerol, the recovery of 
both carbon 1 and carbon 6 of glucose is increased, that of 
carbon 1 to a greater extent. The recoveries of carbon 1 and 
carbon 6 in tissue fatty acids are affected equally. Similar 
changes are observed in the presence of the preparation of beef 
growth hormone. The data on the oxidation of specifically 
labeled glucose to COz and on its incorporation into fatty acids 
under stimulation by the beef growth hormone preparation are 
in general agreement with those of Winegrad e¢ al. obtained 
with this same beef growth hormone preparation (13). The 
sheep and the beef growth hormone preparations used in the 
present study appear to differ only in their potency. 

The increase in oxidation of glucose carbon 6 suggests acceler- 
ated oxidation by the citric acid cycle (3, 14-16). By subtract- 
ing from total oxidation of glucose carbon 1 the calculated con- 
tribution of the citric acid cycle to the oxidation of glucose 
carbon 1 (10), the contribution of the phosphogluconate-oxida- 
tive pathway is obtained. This figure, at the same time, pro- 
vides measurement of glucose metabolism by this pathway, 
since every molecule of glucose-1-C metabolized by this path- 
way yields labeled CO: (recycling, of course, not being taken into 
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ake TaBLeE IV 
Effect of preparations of ACTH (100 ug per ml) and sheep growth hormone (100 ug per ml) in presence of insulin (0.1 unit per ml) on 
metabolism of uniformly labeled glucose by rat adipose tissue in vitro 
ible Values in umoles of labeled glucose carbon recovered per g of tissue wet weight per 3 hours. Glucose 5 mm; medium initial free 
ase fatty acids 0.65 mm. Mean of six experiments with standard errors. 
Glucose carbon recovered 
ved Control Insulin ACTH 
urly 
Sis. pmoles pmoles pmoles pmoles 
6.21 24.5 29.3 35.2 +18.3 + 2.3 +4.8 + 2.9 +10.7 + 4.98 
rac- Glyceride-glycerolf.......| 11.60 15.8 65.0 64.2 +4.2 + 1.1 +49.2 + 1.1 +48.4 + 10.1 
r0r- Tissue fatty acids........ 2.17 22.1 6.09 9.2 +20.0 + 5.24 —16.0 + 4.25 —12.9 + 2.67 
an ee ee 0.18 4.3 0.183 0.263 +4.12 + 1.13 —4.12 + 1.14 —4.04 + 1.14 
_- * Calculated from individual paired observations. 
om- t Calculated as } X glyceride-glycerol-a-carbon. 
1 to TABLE V 
‘ose Effect of oxycel ACTH (106 yg per ml) and beef growth hormone preparation (1 mg per ml) on metabolism of glucose-1-C™ 
and glucose-6-C'4 by rat adipose tissue in vitro 
Values in ymoles of specifically labeled glucose carbon recovered per g of tissue wet weight per 3 hours. Glucose 5 mm; medium 
a fatty acids 0.65 mm. Mean of six ACTH and seven growth hormone experiments with standard errors. 
Control Hormone 
ex- 
Glucose-1-C!4 Glucose-6-C'4 Ratio C-1:C-6 Glucose-1-C!4 Glucose-6-C!4 Ratio C-1:C-6 
ACTH 
1.17 + 0.43 0.453 + 0.045 2.72 1.27 + 0.12 1.46 + 0.33 0.87 
Glyceride-glycerol-a carbon..... 0.636 + 0.036 0.759 + 0.040 0.83 1.65 + 0.07 1.39 + 0.15 1.19 
Tissue fatty acids.............. 0.201 + 0.072 0.414 + 0.165 0.48 0.003 + 0.009 0.066 + 0.027 0.50 
ei Beef growth hormone 
1.10 + 0.08 0.552 + 0.052 1.99 1.40 + 0.135 1.53 + 0.025 0.92 
55 Glyceride-glycerol-a carbon..... 1.28 + 0.078 1.26 + 0.062 1.02 2.85 + 0.016 2.56 + 0.027 1.11 
ras Tissue fatty acids.............. 0.100 + 0.034 0.162 + 0.064 0.62 0.042 + 0.010 0.075 + 0.026 0.56 
account). Values thus calculated for hormone-stimulated tis- TaBLe VI 
sues and their respective controls are given in Table VI. Glu- Glucose metabolism by phosphogluconate oxidative pathway as 
bon cose metabolism by the phosphogluconate-oxidative pathway calculated from data in Table V 
2 to estimated in this fashion is not increased with stimulation by 
é preparations of ACTH and growth hormone. The increased 
metabolism of glucose carbon 1 to glyceride-glycerol, to tissue Total org fucose me- 
fatty acids, and to COs evolved from the citric acid cycle, on carbon 1 the citric acid cycle Pewee neon 
ilar the other hand, indicates increased glucose metabolism by the — aeemats —- 
beef Embden-Meyerhof pathway. This is similar to results ob- wee 
ally tained with epinephrine (3), but contrasts sharply with observa- 0.201 
ge tions made when glucose metabolism is stimulated by the pres- Cotrol...---- 1.17 0.453 X 0.414 0.22 0.95 
ence of insulin (10, 17). In the latter case, both pathways 0.033 
crudely estimated in this fashion take part in the increase in 0.066 
| metaboliem. Control....... 1.10 | 0.552 x 0.341 | 0.76 
It should be pointed out that Winegrad et al. (13) suggested 0.162 
that the glucuronic acid pathway is operative to a significant shal growt 
eler- extent in adipose tissue and is accelerated by the presence of hofmone.... 1.40 1.53 X 0.042 _ 0.86 0.54 
act growth hormone contributing to the increased oxidation of 0.0%5 
nie glucose carbon 6, thus invalidating the type of calculations pre- * Calculated as CO: from glucose-6-C* X (tissue fatty acids 
sda, | sented in Table VI Although this interpretation cannot be from glucose-1-C)/(tissue fatty acids from glucose-6-C'). 
_ excluded, its verification will have to await qualitative and 
tsi quantitative information of a more specific nature. The more _ lism of glucose-6-C" and the release of free fatty acids by con- 
Nays conservative interpretation presented here would appear justi- trol and ACTH-stimulated tissues during a 4-hour period. 
ath- fied at the present time. Eight tissues were excised from the same animal and incubated 
into Time Course during Incubation—Fig. 1 illustrates the metabo- for varying periods of time. Both the ACTH-stimulated release 
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Fig. 1. Effect of oxycel ACTH (10 ug per ml) on the metabolism 
of glucose-6-C'* and on the release of free fatty acids by rat adipose 
tissue in vitro as a function of time. 
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Fig. 2. Effect of oxycel ACTH (10 ug per ml) on the metabolism 
of glucose-1-C'* and glucose-6-C' by rat adipose tissue itn vitro as 
a function of time. 


of free fatty acids and the metabolism of glucose-6-C™ proceed 
linearly, the 1-hour-stimulated tissue already being clearly differ- 
ent from the control tissue. Fig. 2 presents a comparison of 
the metabolism of glucose-1-C' and glucose-6-C™ in ACTH- 
stimulated tissues during a 4-hour time study. 
typical of ACTH stimulation, was present throughout, the Ist 
hour being representative of the entire incubation. In Fig. 3 
are shown the effects of the sheep growth hormone preparation 
on the metabolism of glucose-1-C™ and glucose-6-C'. Again 
the Ist hour of incubation was representative of the entire in- 
cubation period. Furthermore, with the sheep growth hormone 
preparation, the oxidation of specifically labeled glucose ap- 
peared affected in the same manner as with the beef preparation. 

Dose-Response Relationships—Fig. 4 illustrates the effect of 
increasing concentrations of oxycel ACTH on the release of 
free fatty acids and on the recovery of glucose-6-C™ in several 
end products. Each column represents the mean of four to 10 
experiments. A significant effect on all measurements was 
noted at 10-? wg per ml (1.35 U.S.P. milliunits). Fig. 5 shows 
that an effect on glucose-6-C" oxidation to COz2 could be elicited 
with concentrations of the sheep growth hormone preparation 
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as low as 0.1 wg per ml. The fact that this amount of growth 
hormone contained no more than 2 X 10-5 milliunits of ACTH 
activity as assayed in this laboratory suggests that the effect of 
the sheep growth hormone preparation may not be due solely 
to its contamination with ACTH. Whether this effect is due 
to growth hormone itself or to some other contaminant, how- 
ever, remains to be ascertained. 

Effect of Incubation in Medium with High Concentrations of 
Free Fatty Acids—A stimulation of glucose carbon 1 and carbon 
6 incorporation into glyceride-glycerol and an increase in the 
oxidation of glucose carbon 6 to CO2 upon incubation in a me- 
dium with a high concentration of free fatty acids have been 
previously reported, and the similarity between this effect and 
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Fic. 3. Effect of sheep growth hormone preparation (1.0 mg per 
ml) on the metabolism of glucose-1-C' and glucose-6-C" and on 
the release of free fatty acids by rat adipose tissue 7n vitro as a 
function of time. 
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Fic. 4. Effect of increasing concentrations of oxycel ACTH on 
rat adipose tissue in vitro. Data on metabolism of glucose-6-C™ 
are expressed as the percentage of change over paired controls; 
values for free fatty acid release, as difference from paired con- 
trols in umoles per g of tissue wet weight per 3 hours. 
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the action of epinephrine has been noted (3). Data on glucose 
uptake and on the metabolism of uniformly labeled glucose as 
influenced by incubation in a medium with high concentrations 
of free acid both in the absence and in the presence of added 
insulin are given in Table VII. The mean increase in glucose 
uptake upon incubation in the presence of a high concentration 
of free fatty acids in the medium is +2.04 + 0.66, p < 0.05 
and +3.24 + 1.20, p < 0.05 for control and insulin-stimulated 
tissue, respectively, as calculated from individual paired ob- 
servations. Of note is the small but significant depression of 
the stimulatory effect of insulin on glucose metabolism to tissue 
fatty acids (—2.78 + 0.93, p < 0.01) and glycogen (—1.53 + 
0.24, p < 0.001), an effect again similar to that obtained with 
addition of epinephrine or preparations of ACTH or growth 
hormone. 


DISCUSSION 


It would appear that the preparations of ACTH and growth 
hormone used in these studies affect adipose tissue metabolism 
in a manner quite similar to that of epinephrine, although not 
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Fic. 5. Effect of increasing concentrations of sheep growth hor- 
mone preparation on the oxidation of glucose-6-C' to COs:. 
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to the same extent. The presence of any one of these hormones 
leads to mobilization of free fatty acids, increased glucose up- 
take, and increased glucose metabolism to glyceride-glycerol 
and COs. As calculated, glucose metabolism would appear to 
be increased by the Embden-Meyerhof pathway and decreased 
by the phosphoglyconate-oxidative pathway, and oxidation by 
the citric acid cycle would appear to be increased. In the pres- 
ence of insulin, all three agents clearly diminish the recovery of 
glucose carbon in glycogen and in tissue fatty acids. As was 
already pointed out, considerable similarity exists between the 
pattern of glucose metabolism obtained in the presence of these 
hormones and that obtained upon incubation with high concen- 
trations of medium free fatty acids. This has led to the sug- 
gestion that the hormonal effects on glucose metabolism are the 
result of a primary action leading to free fatty acid accumula- 
tion in the tissue. The additional experiments reported here 
on the effect of high concentrations of medium free fatty acids 
in the presence of insulin give further support to this concept. 
The authors would like to speculate briefly on the mechanism 
by which accumulation of free fatty acids in adipose tissue might 
lead to the pattern of glucose metabolism which has been de- 
scribed. 

An increase in the concentration of free fatty acids has been 
shown to accelerate their esterification by adipose tissue, thereby 
increasing the requirement for glyceride-glycerol precursors. 
Fatty acid esterification in this tissue (18, 19) appears to pro- 
ceed by essentially the same pathway as had been described for 
liver (20-22). This involves activation of free fatty acids to 
their CoA derivative and esterification with glycerol phosphate. 
The limited capacity of this tissue to phosphorylate glycerol 
(23) makes the esterification with glycerol phosphate dependent 
on its supply from glycolysis. Such a relationship would ex- 
plain the increased recovery of glucose carbon in glyceride-glyc- 
erol when free fatty acids are supplied in increased amounts 
either by incubation at high concentrations of medium free 
fatty acids, or with stimulation of triglyceride breakdown by 
epinephrine or preparations of ACTH or growth hormone. 
Since the activation of free fatty acids is an energy-requiring 
reaction, it is conceivable that, according to the concept intro- 
duced by Lardy (24), a more rapid utilization of energy in this 
process would accelerate oxidations. Consonant with this pos- 
tulated sequence are the increased oxygen consumption and the 
acceleration of glucose carbon 6 oxidation in the presence of 


TaBLeE VII 


Effect of incubation at high medium free fatty acid concentration on uptake of glucose and on metabolism of uniformly 
labeled glucose by rat adipose tissue in vitro 


Values in zmoles of glucose taken up or in umoles of labeled glucose carbon recovered per g of tissue wet weight per 3 hours. Glu- 


cose 5mm; ‘‘low’’ medium free fatty acid 0.65 mm; ‘“‘high,’’ 4.5 mM; insulin, when present, 0.1 unit per ml. 
of 18 experiments with labeled substrate, of seven experiments for glucose uptake measurement. 


Mean and standard errors 
The high fatty acid medium was 


prepared by the addition of sodium palmitate to the medium containing 3.59 g of human albumin per 100 ml. 


Control Insulin 
Low fatty acid High fatty acid Low fatty acid High fatty acid 
5.82 + 0.72 7.47 + 0.72 21.0 + 1.56 21.6 + 1.32 
Glyceride-glycerol*........ 6.99 + 0.33 11.70 + 0.87 10.9 + 0.63 20.8 + 1.86 
Tissue fatty acids......... 1.42 + 0.41 1.61 + 0.34 11.8 + 1.52 9.03 + 1.14 
CRPOOUOM. wee 0.141 + 0.048 0.105 + 0.027 2.72 + 0.34 1.19 + 0.20 
Glucose uptake............ 4.77 + 0.54 6.81 + 0.66 12.1 + 1.20 15.3 + 1.59 


* Calculated as 3 & glyceride-glycerol-a-carbon. 
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high concentrations of free fatty acids (3, 25) or with stimula- 
tion by epinephrine (3, 26) or preparations of ACTH or growth 
hormone. Whether the increased utilization of energy associ- 
ated with acceleration of the esterification of fatty acids is 
sufficient by itself to account for the acceleration of oxidation 
is unknown. A number of observations on the effect of free 
fatty acids on mitochondrial metabolism suggest an additional 
mechanism by which oxidation could possibly be increased. 
Pressman and Lardy (27) reported an uncoupling effect of micro- 
some-derived free fatty acids on liver mitochondria. The un- 
coupling action of mitochrome (28) preparations on freshly 
isolated mitochondria has recently been attributed to their 
cgntent of unsaturated free fatty acids (29). These observa- 
tions suggest that an acceleration of oxidation by rapidly ac- 
cumulating free fatty acids is a distinct possibility in the experi- 
ments with adipose tissue. 

Such alterations in the utilization and production of energy 
might also serve to explain other features of the action of these 
lipolytic hormones. The observations of Randle et al. (30) on 
rat diaphragm and of Morgan et al. (31) on heart muscle demon- 
strate that the entry of sugar into muscle cell is influenced by 
cellular metabolism, in particular by procedures influencing the 
production of high energy phosphate bonds. That such a rela- 
tionship may also be at work in adipose tissue is suggested by 
the increased glucose uptake observed with addition of 2,4- 
dinitrophenol (unpublished observation). Whether the dimin- 
ished recovery of glucose carbon in glycogen is to be attributed 
solely to activation of phosphorylase (32) or in addition, to 
interference with the energy-requiring synthetic pathway can- 
not be stated from the isotope data. Similarly, our experiments 
provide no information on the mechanism of depression of fatty 
acid synthesis. 


SUMMARY 


1. The effects of preparations of pituitary adrenocortico- 
tropic and growth hormones, added in vitro, on glucose metabo- 
lism in rat adipose tissue were studied. 

2. In the presence of these preparations, the uptake of glucose 
is increased, as is the recovery of uniformly labeled glucose 
carbon in CO: and glyceride-glycerol. Glucose carbon recovery 
in glycogen and tissue fatty acids is relatively decreased. Data 
on the metabolism of specifically labeled glucose show unequal 
stimulation of the conversion of glucose-1-C™ and -6-C™ to COs. 
Calculated glucose metabolism by the Embden-Meyerhof path- 
way is increased, whereas that by the phosphogluconate oxida- 
tive pathway is not. Glucose oxidation by the citric acid cycle 
appears to be increased. 

3. Incubation in a medium containing a high concentration of 
free fatty acids reproduces the effects of these hormones on glu- 
cose metabolism, suggesting that the hormonal effects on glu- 
cose metabolism are the result of a primary action leading to 
accumulation of free fatty acids. The link between this postu- 
lated primary effect and alterations in glucose metabolism has 
been discussed. 
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Plasmalogen in Human Blood Platelets* 
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Plasmalogens have now been identified in a wide variety of 
organisms (1-3). In studies previously reported, plasmalogens 
were identified and roughly quantitated (4) in human platelet 
phosphatides. The present report concerns a precise determina- 
tion of plasmalogens in human blood platelets with the use of 
techniques not previously available. An evaluation of the pos- 
sible role of plasmalogens in blood coagulation is included, since 
this material was found to be associated with fractions possess- 
ing maximal thromboplastic activity. 


EXPERIMENTAL PROCEDURE 


Blood was collected and platelets isolated as previously de- 
scribed (5, 4). The donors were 13 hematologically normal 
males and one patient with thrombocythemia caused by poly- 
eythemia vera. The platelet yield from two groups of five 
normal subjects and one group of three were pooled before lipid 
extraction. 

Preparation of Lipid Extracts—A modification of the procedure 
of Folch, Ascoli, Lees, Meath, and LeBaron (6) as suggested by 
Entenman (7) was adapted for the small amounts of tissue ob- 
tained. Platelets from three to five patients (wet weight, 6 to 
12 g) were pooled and aliquots removed for the determination of 
dry weight. The material was suspended in chloroform-methanol 
2:1 (20 ml per g of platelets) and homogenized in a Waring 
Blendor for 30 seconds at 5°. The homogenate was filtered 
through S. and 8S. sharkskin filter paper which had been previ- 
ously extracted with chloroform-methanol 2:1. Aliquots of 
filtrate (10 ml) were placed in 45-ml conical centrifuge tubes 
which were then filled with distilled water, covered with Teflon- 
lined screw caps, and shaken. The tubes were centrifuged at 
5° for 10 minutes at 800 r.p.m. Three layers were thus obtained: 
an essentially lipid-free phase, below which was the white inter- 
facial fluff, and finally the dissolved lipid (6). The top lipid- 
poor laver was removed by suction and discarded. The remain- 
ing layers were washed with the upper phase obtained by 
shaking 4 volumes of water with 1 volume of chloroform-meth- 
anol (2:1). After centrifugation (as described above), the top 
layer was removed and the wash repeated. The interfacial fluff 
and dissolved lipid were pooled in an Erlenmeyer flask. The 
empty centrifuge tubes were rinsed with a small amount of 
methanol and the resulting suspension added to the pooled lipid. 
The mixture was taken to dryness under prepurified nitrogen 
ina water bath at 37°. 

Subsequently, the dried material was extracted twice with 
150 ml of hot chloroform-methanol (2:1) and filtered each time 


* This investigation was supported by a grant from the New 
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through extracted sharkskin paper. Finally, the extract was 
taken down under nitrogen to a final volume of 50 ml. 

Phosphorus determinations were carried out in duplicate by 
the method of Dryer, Tammes, and Routh (8). The volume 
of the extract was then adjusted to give a final phosphorus con- 
centration suitable for subsequent analytic procedures. 

Iodine Addition—This procedure was carried out in triplicate 
on 4-ml aliquots of total lipid extract with the use of the procedure 
of Siggia and Edsberg (9) as modified by Rapport and Lerner 
(10). 

p-Nitrophenylhydrazone Formation—1. Synthesis of standard: 
Decaldehyde p-nitrophenylhydrazone was synthesized as follows 
(11). Equivalent amounts (500 mg) of p-nitrophenylhydrazone 
and decaldehyde! were dissolved in glacial acetic acid and refluxed 
for 25 minutes. The solution was cooled and a small quantity 
of distilled water added to induce precipitation of the hydrazone. 
The suspension was filtered and carefully washed with 25 ml of 
warm distilled water (50°) to remove the acetic acid. The 
precipitate was redissolved in a minimal amount of warm 95% 
ethanol (50°) and cooled slowly to 4°. The washing and re- 
crystallization were repeated twice and the precipitate dried 
overnight in a vacuum desiccator. The melting point, de- 
termined in triplicate by the capillary tube method, was 83-84°. 

The molecular extinction coefficient was determined as 
follows. Decaldehyde p-nitrophenylhydrazone (5.1 mg) was 
dissolved in 1 liter of 95% ethanol in a volumetric flask (5.1 yg 
per ml). The optical density was determined in triplicate in a 
Beckman DU spectrophotometer at 390 mu (slit width 0.3 mm) 
with 95% ethanol as the blank. The molecular extinction coef- 
ficient thus obtained was 24,200 cm? per mole. This figure is 
approximately 3% higher than that obtained by Wittenberg, 
Korey, and Swenson (12) and 8% higher than that obtained by 
Rapport and Alonzo (13). 

2. The aldehyde content of platelet phospholipids was de- 
termined in duplicate on aliquots of the total lipid extract by 
the procedure of Wittenberg, Korey, and Swenson (12) as modi- 
fied by Rapport and Alonzo (13). Reagent blanks were used 
throughout the procedure. 

Determination of Dry Weight—Dry weight was ascertained 
on duplicate samples of whole, washed platelets after desiccation 
in a vacuum oven at 70° for 24 hours (10). 

Hydrolysis of Aldehydogenic Group—The method of Gray 
(14) was employed, modified for the smaller amount of material 
used. The entire procedure was carried out twice, with the 
use of total lipid extracts containing 4.3 mg and 1.5 mg of 
phosphorus, respectively, as starting material. The extracts 


1 Givaudan-Delawanna, Inc., New York, New York. 
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were dissolved in 5 to 7 ml of 70% (volume per volume) acetic 
acid and incubated at 38° for 18 hours. The hydrolysate was 
extracted with ether, neutralized with sodium hydroxide, and 
washed several times with distilled water. The ether extract 
was taken to dryness under prepurified nitrogen, placed in a 
vacuum oven at 37° for 1 hour, and again dried with prepurified 
nitrogen. Imidazole buffer (4) was added to the desiccated 
material, and a fine emulsion was formed after rapid agitation 
with a glass rod. The suspension did not settle after prolonged 
standing. A qualitative Schiff test performed on an aliquot of 
the emulsion was strongly positive. Serial dilutions were made 
for evaluation of this material as platelet reagent in the thrombo- 
plastin generation test (4), which was carried out immediately 
and repeated the following day after storage at —20°. 

Blood Thromboplastic Activity—All materials tested were 
prepared essentially as described above and then substituted 
for whole platelets in the thromboplastin generation test (4, 5). 
Only qualitative evaluations were made, since the primary 
interest was to determine the presence or absence of clot-pro- 
moting activity. 

RESULTS 

The quantitative determinations are shown in Table I. The 
data indicate that the plasmalogen content of platelet lipid is 
high. Plasmalogen is reported as higher fatty aldehyde released 
on acid hydrolysis (p-nitrophenylhydrazone formation) and as 
a-, B-unsaturated ether (iodine addition). The ratio of p-nitro- 
phenylhydrazone to phosphorus represents plasmalogen as the 
percentage of total phospholipid, which is approximately 16%. 
It is noteworthy that the plasmalogen content of platelets 
determined as a-, 8-unsaturated ether is in close agreement with 
the analysis based on p-nitrophenylhydrazone formation, the 
average ratio being 1.01. 

The activity of the platelet lipid in the cinta genera- 
tion test was determined before and after selective hydrolysis 
of the aldehydogenic group of the plasmalogens. The untreated 
extract showed activity comparable to that of the brain cephalin 
control (5). The lipid tested immediately after hydrolysis was 
moderately active; however, after storage overnight at —20°, the 
thromboplastic activity became maximal. This phenomenon, 
although unexpected, could readily be reproduced. In addition, 
when this active hydrolysate was re-extracted with ether, the 
clotting times became moderate and were completely restored 
upon storage at —20°. Results of these studies are shown in 


Fig. 1. It is to be noted that the substrate clotting times after 
TABLE I 
Plasmalogen content of platelet lipid 
wid) 32 | | | 
Subjects Water Ba, So 
= 
% pmoles/g dry weight 
87.3 | 162 | 27.1 | 26.8 | 0.17 | 0.99 
88.8 160 23.4 23.8 | 0.15 | 1.01 
877 145 22.0 | 22.5 | 0.16 | 1.02 
1 thrombocythemia...... 86.7 151 24.3 | 24.8 | 0.16) 1.02 


* p-NPH = p-nitrophenylhydrazone. 
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Clotting Time (Seconds) 


4 
Minutes Of Incubation 


Fic. 1. Thromboplastin generation test using platelet lipid 
before and after hydrolysis of the aldehydogenic group. A. Brain 


cephalin control. B. Untreated platelet lipid. C. Platelet lipid 
after hydrolysis and storage at —20°. D. Platelet lipid immedi- 
ately after hydrolysis. The curves represent dilutions of the 
material tested which gave maximal activity. 


4 and 6 minutes are the most significant. The curves shown are 
for the lipid tested immediately and the material that was stored 
at —20°. In these studies it was found that the highly concen- 
trated emulsions showed anticoagulant activity. Fifty-fold 
dilution was required before optimal clotting ranges were ap- 
proached, which is in agreement with results previously reported 
(5). 
DISCUSSION 


The results indicate that the plasmalogen content of blood 
platelets is higher than any tissue vet examined (10, 15) except 
brain. There is a reasonably constant relationship between the 
total phospholipid and plasmalogen content in the material 
studied. The close agreement of plasmalogen determined as a-, 
B-unsaturated ether and as fatty aldehyde released on acid hy- 
drolysis is consistent with the results of Rapport and Lerner (10), 
as well as those recently reported by Norton (15). The finding 
that plasmalogens constitute approximately 16% of platelet 
phosphatides is at variance with the result previously reported 
(23%) with the use of Schiff’s reagent (4). The difference prob- 
ably reflects the greater accuracy and specificity of the newer 
methods (10, 12). 

In previous studies of platelet phospholipids (4), it was dem- 
onstrated that plasmalogens were present in highest amount in 
those fractions promoting maximal thromboplastic activity. It 
thus became of interest to determine whether these phosphatides 
play a role in blood coagulation. Since methods are unavailable 


at present for the isolation of plasmalogens in pure form, an in- 
direct approach was required. The technique employed involved 
mild acid hydrolysis of the platelet lipid extract, resulting in 
removal of the aldehydogenic group. This procedure, exten- 
sively investigated by Gray (14), apparently does not affect 
It was found 


other constituents of the phospholipid molecule. 
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that there was some loss of clotting activity which was restored 
after storage at —20°. Forms of storage other than freezing 
did not elicit this phenomenon. Although this finding cannot be 
fully explained, the following possibilities are mentioned: (a) the 
lysocephalin and free aldehyde formed on hydrolysis may pro- 
mote thromboplastin generation; (b) a lipid-lipid interaction took 
place in the frozen hydrolysate, causing the constituent phos- 
phatides to become “available” for interaction with the plasma 
proteins essential for coagulation (16). It is concluded, how- 
ever, that plasmalogens do not play an essential role in blood 
coagulation, but may merely augment it. 


SUMMARY 


Plasmalogen in human blood platelets was measured by two 
independent, stoichiometric analytical methods. The _plas- 
malogen content was found to be approximately 25 uwmoles per g 
of dry weight. The total phospholipid of platelets was 155 
pmoles per g of dry weight, of which 16% represented plasmal- 
ogen. An indirect evaluation of the possible role of plasmal- 
ogen in blood coagulation was carried out. The results suggest 
that this group of phosphatides does not play an essential role in 
blood thromboplastin formation. 
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The citrate cleavage enzyme catalyzes the following reaction: 
Citrate + ATP + CoA — Acetyl-CoA + 
OAA! + ADP + P; 


This enzyme is widely distributed in animal tissues and has been 
partially purified from pigeon liver (1) and extensively purified 
from chicken liver (2). Because of the complexity of the over- 
all reaction, we attempted at first to fractionate the activity 
into more than one protein fraction. The results of these earlier 
studies led to the conclusion that one protein component or 
tightly bound protein complex was responsible for the catalysis. 
In further studies of this enzyme we have looked for the forma- 
tion of possible free intermediates and have assayed for several 
possible initial enzymic reactions. The results of these experi- 
ments are presented in this paper along with data on the stoi- 
chiometry, substrate specificity, and reversibility of the reaction. 
In addition, a method for the stoichiometric determination of 
coenzyme A with this enzyme is described. | . 


EXPERIMENTAL PROCEDURES 


Materials 


CoA was purchased from Pabst Laboratories and Sigma Chem- 
ical Company. A gift of CoA was obtained from C. F. Boeh- 
ringer and Soehne, Mannheim, Germany. Dr. G. Moffat (Uni- 
versity of British Columbia) supplied us with a sample of 
synthetic CoA. ATP, GTP, UTP, ITP, and ADP were pur- 
chased from Pabst Laboratories. Phosphoenolpyruvate was 
purchased from California Corporation for Biochemical Research. 
DPNH, malate dehydrogenase, lactate dehydrogenase, and py- 
ruvate kinase were obtained from C. F. Boehringer and Soehne. 
Adenylate deaminase was a gift of Dr. Guarino. Condensing 
enzyme was prepared in this laboratory by an unpublished pro- 
cedure. -Citrate cleavage enzyme? was prepared as described in 
earlier papers (1, 2). 

Citryl Anhydride, Citryl Hydroxamate, and Citryl CoA—An 
anhydride of citric acid was prepared with ethyl chloroformate 
as described for other acids by Wieland and Rueff (3). The 
hydroxamate made from this anhydride when chromatographed 
in a butanol-water system, as described by Stadtman and Barker 
(4), gave a typical hydroxamate spot (Rr 0.22) when sprayed 
with FeCl;. If a mixed anhydride is formed with citric acid 


* Supported by a grant (A2252C) from the United States Public 
Health Service. 

1 The abbreviation used is: OAA, oxaloacetate. 

2 We would like tou thank Mr. Chapman for his cooperation in 
obtaining rather large quentitics ot fresh chicken liver. 


and ethyl chloroformate, then three different mixed anhydrides 
are possible, and if excess ethy! chloroformate is used, one might 
expect the mono-, di-, tri-, mixed anhydrides to be formed. 
When excess ethyl chloroformate was used and the product 
converted to its hydroxamate, just one hydroxamate was formed, 
as judged by paper chromatography. Thus the procedure for 
the formation of the mixed anhydride may, in the case of citric 
acid, lead to the formation of an internal anhydride of citric acid. 

When 0.1 ml of this anhydride is added to a solution of 5 p- 
moles of glutathione or CoA in 1 ml of 0.2 Mm NaHCOs, sulfhydryl 
disappears, as judged by the nitroprusside color reaction (5), 
and a compound is formed which has an ultraviolet absorption 
peak at 232 mu, typical of a thioester compound. This prep- 
aration (when CoA is used) is referred to as citryl-CoA. Chro- 
matography of citryl-CoA in the acetate-ethanol system of Stadt- 
man (6) showed an ultraviolet absorbing spot (Rr 0.24) which 
also reacted with a nitroprusside spray to give a red spot. The 
Ry values of CoA and acetyl-CoA in this system are 0.52 and 
0.34, respectively. The material eluted from the spot, having 
an R, of 0.24, showed an absorption peak at 232 mu. 


RESULTS 


Identification of Products of Reaction—When enzyme citrate, 
ATP, Mg++, and CoA are incubated in the presence of 0.2 
NH.OH, hydroxamate is formed. Isolation and paper chroma- 
tography of this hydroxamate (4) show the presence of only one 
spot (Rr 0.40), which is the same as acetyl hydroxamate and also 
cochromatographs as a single spot with authentic acetyl hy- 
droxamate. No spot is seen at Rp 0.22, which is where citry] hy- 
droxamate would be expected to appear. If the incubation is 
carried out in the absence of hydroxylamine, acetyl-CoA as a 
product of reaction can be identified by its reaction in the con- 
densing enzyme assay system (7). 

OAA! was identified as a product of the citrate cleavage en- 
zyme by its oxidation of DPNH in the presence of excess malate 
dehydrogenase. The spectrophotometric assay for citrate cleav- 
age enzyme (2) is dependent upon production of OAA. 

The products of ATP breakdown in this reaction were identi- 
fied as ADP and P;. The ADP can be identified by its reaction 
with phosphoenolypyruvate in the presence of DPNH, excess 
lactate dehydrogenase, and pyruvate kinase. AMP was not 
detected, as judged by the lack of a material that would react 
with adenylate deaminase (Table I) (8). Since the enzyme 1s 
essentially free from myokinase activity, AMP cannot be 4 
product of the reaction. Formation of P; was measured by the 
method of Fiske and SubbaRow (9). Its formation from ATP 


was found to be dependent upon all factors, citrate, CoA, Mg**; 
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TABLE I 
Stoichiometry 


In Experiment 1 the reaction mixture contained 20 umoles of 
potassium citrate, 5 wymoles of ATP, 10 umoles of MgCl:, 0.05 
ymole of CoA, 10 wmoles of 2-mercaptoethanol, 200 umoles of 
NH.OH (pH 7.4), 60 ug of enzyme in atotal volume of 1 ml. A 
control tube contained all components except potassium citrate. 
After 15 minutes at 37°, 0.1 ml of 50% trichloroacetic acid was 
added, the protein removed by centrifugation, and aliquots taken 
forassay. The following analytical methods were used: hydroxa- 
mate, Lipmann and Tuttle (11); Pi, Fiske and SubbaRow (9); 
ADP as described in text; AMP, Kalckar (8). 

In Experiment 2 the incubation mixture contained 1.2 uwmoles 
of potassium citrate, 30 zmoles of 2-mercaptoethanol, 30 umoles of 
MgCl:, 15 umoles of ATP, 0.15 umole of CoA, 300 umoles of NH-OH 
(pH 7.4), 3 mg of enzyme in a total volume of 3ml. A tube with- 
out CoA and a zero time tube were used as controls. The reaction 
was stopped after 2 hours at 37°, with 0.3 ml of 50% trichloro- 
acetic acid. After centrifugation to remove protein, citrate was 
determined by the method of Natelson et al. (12) and hydroxamate 
as above. 

In Experiment 3 the incubation mixture contained 300 umoles 
of Tris pH 7.4, 4.0 uzmoles of potassium citrate, 30 umoles of MgCl2, 
15 pmoles of ATP, 1.5 wmoles of CoA, 150 ug of enzyme in 2 ml. 
A tube without citrate and a zero time tube were run as control. 
After incubation for 15 minutes at 37°, an aliquot was removed 
and pipetted into metaphosphoric acid for determination of sulf- 
hydryl, according to the method of Grunert and Phillips (5). To 
the remainder of the incubation mixture, 0.2 ml of 50% trichloro- 
acetic acid was added, protein removed by centrifugation, and 
aliquots analyzed as above. OAA was determined by the method 
of Friedemann and Haugen (13). 


Experiment | | | | +OAA | AMP 
pmoles | umoles | pmoles pumoles pmoles pmoles | pmoles 
1 0.34 0.32 0.34 0 
2 1.3 1.5 
3 0.9 | 1.1 1.1 0.71 0.78 0.59 
and enzyme. No inorganic pyrophosphate formation could be 


detected by the method of Flynn et al. (10). 

Stoichiometry—Tables I and II give the results of several ex- 
periments which show partial stoichiometry of the reaction. 
These results confirm our earlier findings with the pigeon liver 
citrate cleavage enzyme that citrate, ATP, and CoA are used 
equimolarly to form acetyl-CoA, OAA, ADP, and P;. This is 
true both in the presence and absence of hydroxylamine as a 
trapping agent for acetyl-CoA. The low value obtained for 
OAA in Table I probably is due to the instability of this com- 
pound. 

Substrate Specificity—A number of compounds were substi- 
tuted for citrate in the standard hydroxamate assay for citrate 
cleavage enzyme. Acetate, malonate, succinate, malate, aze- 
leate, tricarballylate, and isocitrate were inactive in the assay. 
8-Hydroxy-8-methylglutarate at 100 times the usual citrate con- 
centration formed only 4% as much hydroxamate. A slight 
activity was observed with itaconate, but this is quite likely 
due to a small contamination of citrate in the itaconate. 

The data in Table III show that the enzyme is also rather 
specific for the ATP. The rate seems to be depressed in the 
presence of GTP. When or replaces Mg++, only 
60 to 80% of the activity is observed. Only 2% of the total 
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can be seen when Zn*+ replaces Mg++. Pantetheine could not 
replace CoA in the enzyme reaction. 

pH Study—In the citrate cleavage assay which is coupled to 
malate dehydrogenase, there is an optimal activity near pH 7.3 
with Tris (Table IV). Phosphate buffers were inhibitory in this 
assay. 


TaBLeE II 
Stoichiometry 
In this experiment each tube contained 200 umoles of Tris pH 


. 7.3, 10 zmoles of potassium citrate, 5 wymoles of ATP, 5 umoles of 


MgCl, 1 umole of CoA, 10 umoles of mercaptoethanol, 50 ug of 
enzyme. Total volume, | ml; temperature, 37°. 

Determinations were corrected for zero time values and values 
obtained in tube containing all components except CoA. 

OAA was determined by pipetting a 0.05-ml aliquot into a 1-ml 
cuvette containing 100 uzmoles of Tris pH 7.4, 0.1 umole of DPNH, 
and excess malate dehydrogenase in a total volume of 0.95 ml. 
OAA was calculated by measuring the decrease in absorption at 
340 mu. Acetyl-CoA was determined in the same cuvette by add- 
ing 0.25 umole of DPN, 5 umoles of potassium malate, and excess 
condensing enzyme and following the increase in absorption at 
340 mu. ADP and P; were determined as in Table I. 


Time +OAA +Acetyl-CoA +P; +ADP 
min pmoles pmoles pmoles pumoles 
10 0.2 0.3 
20 0.3 0.4 
30 0.5 0.5 0.5 0.5 
TaBLe III 


Nucleotide specificity 


Assays were performed by following the rate of DPNH oxida- 
tion as described previously (2). Each cuvette contained 100 
umoles of Tris pH 7.3, 0.3 wmole of CoA, 20 umoles of potassium 
citrate, 5 umoles of nucleotide, 10 umoles of MgCl:, 500 units of 
malate dehydrogenase, 0.15 umole of DPNH, and 400 ug of enzyme 
in a final volume of 1.0 ml. 


Nucleotide Relative rate Relative rate + ATP* 
ATP 100 
ITP 6 100 
GTP 9 53 
UTP ll 90 


* After initial rates were determined, 5 wmoles of ATP were 
added, and the rate was observed again. 


TABLE IV 
PH study 


Conditions of assay are described in Table III, with the excep- 
tion that 5 umoles of ATP were used in all cases and 100 umoles of 
the buffer indicated. 


Buffer pH Relative rate 
Tris 6.8 70 
7.3 100 
97 
8.0 ot 
Phosphate 6.3 5 
4.2 41 
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Reversihility—Some indications of the reversibility of the cit- 
rate cleavage enzyme from pigeon liver were reported by us 
earlier (1). This report now seems to be in error, since repeti- 
tion of these experiments with the pigeon liver enzyme failed to 
vield the same results. In addition, we are unable to detect 
any reversibility of the reaction catalyzed by the highly purified 
chicken liver enzyme. We cannot find citrate or ATP formation 
from acetyl-CoA, OAA, ADP, Pi, and enzyme under a variety 
of conditions, nor can we find the utilization of OAA or P; under 
such conditions. No exchange of P;® into ATP is observed 
when the components of the reaction (citrate, ATP, CoA, Mg**, 
and enzyme) are incubated together. Nor can the formation 
of ATP® from acetyl-CoA, OAA, ADP, P;, and enzyme be ob- 
served. 

Intermediate Steps—Since no hydroxamate, but acetylhydrox- 
amate can be formed, such intermediates as free citryl-CoA or 
citryl phosphate seem to be excluded. It has also been observed 
that 0.2 m hydroxylamine does not affect the rate of OAA forma- 
tion in the spectrophotometric assay, which also rules out a free 
carboxy l-activated citrate formation. However, when synthetic 
citryl-CoA is used in place of citrate, ATP, and CoA in the spec- 
trophotometric assay for citrate cleavage enzyme, a slow reaction 
is observed. This rate is much less than one would expect if the 
synthetic material were an intermediate, but still makes it diff- 
cult to rule out this compound absolutely as an intermediate. 

Neither citrate, ATP, and enzyme, nor CoA, ATP, and en- 
zyme will lead to the production of P;, nor can ADP formation 
from these components be demonstrated with the coupled pyru- 
vate kinase-lactate dehydrogenase system. For P; and ADP 
formation, citrate, CoA, ATP, and enzyme must be incubated 
together. 

We showed earlier that the cleavage and condensing enzyme 
activities of chicken and pigeon liver can be completely separated. 
Indeed, when crystalline condensing enzyme is added to a citrate 
cleavage reaction, one observes that less hydroxamate is formed. 
This apparent inhibition may be explained by assuming that the 
condensing enzyme reforms citrate from OAA and acetyl-CoA 
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Fic. 1. The stoichiometric assay of CoA with citrate cleavage 
enzyme. Each cuvette contained 100 umoles of Tris pH 7.4, 20 
umoles of potassium citrate, 500 units of malate dehydrogenase, 
10 wmoles of MgCle, 5 umoles of ATP, 0.15 umole of DPNH, 20 
ug of citrate cleavage enzyme (specific activity = 0.3), CoA as 
indicated in a total volume of 1.0ml (d = 1.0em). Reactions were 
initiated by the addition of ATP. Corrections for dilution have 
been made. 
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and thus competes effectively with hydroxylamine for the acetyl. 
CoA formed by citrate cleavage. 


A Stoichiometric Assay for CoA 


A number of methods for CoA determination depend upon 
the measurement of reaction rate and then a comparison with 
the rate produced with known CoA samples (14-16). There 
are several methods now available for the stoichiometric deter. 
mination of CoA. One can easily convert the CoA to acetoace- 
tyl-CoA and determine the latter with 6-keto acyl reductase and 
DPNH (17, 18). Dr. Bergmeyer*® has adapted the a-ketoglu- 
tarate dehydrogenase assay (16) to give a stoichiometric assay 
for CoA. Recently Wakil and Hiibscher (19) have described 
method for CoA determination based on the determination of 
sorbyl-CoA formed with fatty acid-activating enzyme. 

During the course of experimentation with the citrate cleay- 
age enzyme, we noticed that the oxidation of DPNH in the cou- 
pled enzyme assay would quickly reach completion when CoA 
was the limiting substrate. The amount of DPNH oxidized 
was proportional to the amount of CoA added (Fig. 1). 2-Mer- 
captoethanol was omitted, since a slow oxidation takes place 
when this substance (or any other thiol) is present. Thus the 
method will analyze only reduced CoA. A check on the accuracy 
of the method was made by determining CoA content of various 
samples that were assayed in other ways. A sample of CoA 
assaved by Dr. Bergmeyer with a-ketoglutarate dehydrogenase 
as 62% pure was assayed as 59° pure with our method. A 
sample assayed as 50% pure by the acetylation of sulfanilimide 
(14) was assayed as 54% pure. A sample of synthetic CoA es- 
timated to be 97% pure was assayed by us as 78% pure, the 
discrepancy being caused by the presence of oxidized CoA. We 
have estimated the purity of several CoA samples in our labora- 
tory in several ways: (a) by ion exchange chromatography on 
Dowex 1 (20); (0) by conversion to acetyl-CoA and estimation 
with condensing enzyme (7); and (c) by the method described 
here. Good agreement is obtained among these methods. 


DISCUSSION 


The citrate cleavage enzyme catalyzes an ATP-dependent car- 
bon-carbon bond cleavage. In considering an approach to 
the study of this reaction, it at first seemed probable that several 
separate reactions were involved. In a similar cleavage of it- 
aconate in rat and guinea pig liver extracts (21), several enzymes 
seemed to be involved, and itaconyl-CoA appeared to be an in- 


termediate. One can thus write a sequence of reactions as fol- 
lows: 
Citrate > [citrv]-CoA] — acetyl-CoA + OAA 


The first reaction (except for the split products of ATP) is 
similar to carboxy] activation reactions, and the second reaction 
is similar to the @-hydroxy-G-methylglutaryl CoA cleavage reac- 
tion (22). Our work on enzyme purification, however, indicated 
that only one enzyme was responsible for the reaction. In the 
present work, attempts to trap an activated citrate were unsuc- 
cessful, and attempts to demonstrate possible partial reactions 
such as those catalyzed by CoA-kinase or citrate kinase gave 
negative results. The slow reaction observed with a synthetic 
(but not necessarily authentic) citryl-CoA may indicate the oc- 


3 Dr. E. Bergmeyer, personal communication. 
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currence of an enzyme-bound intermediate, or may reflect im- 
purity or the fact that the synthetic citryl-CoA is an isomer of 
a natural citryl-CoA. 

There are few single enzymes known that catalyze reactions 
of the complexity of the citrate cleavage reaction. The gluta- 
mine synthetase reaction (23) has some common features with 
citrate cleavage in that no free intermediates have been detected. 
Preliminary kinetic experiments with the citrate cleavage en- 
zyme have indicated that a lag occurs in the coupled reaction, 
dependent on the order of addition of substrates. This seems to 
be true with glutamine synthetase as well. The free energy 
change of the citrate cleavage can be calculated in the following 
manner: 


ATP + H:0 

= ADP + Pi + Ht AF’ = —7600 (24) 
Citrate + H+ + CoA 

= acetyl-CoA + OAA + HO 
Citrate + ATP + CoA 

= acetyl-CoA + OAA + ADP + Pi AF’ = 0 


AF’ = +7600 (7) 


Since the calculated free energy change is zero, the equilibrium 
constant should be one. It is therefore surprising that no re- 
versibility could be demonstrated. A similar situation, however, 
has been found by Colowick et al. (26) in the pyridine nucleotide 
transhydrogenase of Pseudomonas fluorescens and has been ex- 
plained by the inhibitory action of a substrate on the reaction. 


SUMMARY 


The enzyme catalyzing an adenosine triphosphate- and coen- 
zyme A-dependent cleavage of citrate has been studied. The 
stoichiometry of the reaction catalyzed by the purified chicken 
liver enzyme is in agreement with the earlier results with a pigeon 
liver enzyme. 


Citrate + ATP + CoA 


» 


Mg*+ 
acetvl-CoA + oxaloacetate + ADP + Pj 


The reaction is highly specific in regard to citrate and adenosine 
triphosphate. Pantetheine will not replace coenzyme A, but 
Mg++ could be replaced with Mn++ and Cot+. No reversibility 
of the reaction can be demonstrated. No indication for the for- 
mation of free intermediates could be found. 
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In addition, a stoichiometric assay for coenzyme A with citrate 
cleavage enzyme is described. 


Acknowledgment—I am grateful to Mrs. Virginia Johansen for 
her excellent technical assistance. 
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It is now apparent that the nutritional requirement for myo- 
inositol in many cells is related to its participation as a building 
unit of myo-inositol-containing phospholipids (phosphoinosi- 
tides). This explains why Eastcott (1), in her classic work, found 
that all the myo-inositol taken up from the medium by growing 
yeast could be recovered by acid hydrolysis of the cells. The role 
of phosphoinositides in cellular metabolism has not been defined. 
However, experiments described recently, in which the metabolic 
turnover of phosphoinositides-was enhanced in pigeon pancreas 
which was treated with acetylcholine to stimulate protein ex- 
cretion, led to the suggestion that these phospholipids might be 
involved “in the active transport of certain types of molecules’’ 
(2). 

Although such speculation about the biological function of 
phosphoinositides is engaging attention, precise knowledge as to 
the structures of these compounds would make the speculation 
more fruitful. Careful chemical studies during the last 10 years 
on the simplest of the phosphoinositides have established that 
this substance is adequately described as a phosphatidyl myo- 
inositol (3). The remaining question about its structure per- 
tained to the position of the linkage to the myo-inositol ring. 
We have recently established that the phosphatidyl group is 
attached in one of the enantiomorphic 1-positions of myo-inositol 
(4), that the myo-inositol therefore becomes asymmetric by sub- 
stitution in much the same way as does glycerol in L-glycerol 3- 


_ phosphate, and that the compound from soybean may be called 


1-phosphatidyl-L-myo-inositol (5). Similar, if not identical, 
“‘monophosphoinositides” occur in many plant and animal tis- 
sues, and in all examples so far investigated the position of sub- 
stitution on the myo-inositol ring is the same. 


| | O— P —O—CH, 
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This paper concerns studies related to the structure of the 
“‘diphosphoinositide” from beef brain. Folch (6) first described 
this compound and reported that it gave on acid hydrolysis a 
myo-inositol metadiphosphate. The ratio of myo-inositol to 
phosphorus to glycerol to fatty acid in the lipid was 1:2:1:1, 


* Supported in part by Grant A884 from the National Institute 
of Arthritis and Metabolic Diseases, United States Public Health 
Service. 

+t A preliminary report of this work has appeared (8). 


and no secondary phosphate dissociation was found by titration, 
It was not reported whether the myo-inositol metadiphosphate 
was optically active. Hawthorne (7) showed that the phos. 
phoinositide consumed periodate, indicating the presence of 
free glycol grouping, and he studied superficially the products 
of base hydrolysis. Folch suggested that the structure of the 
lipid could be represented as a diphosphatidyl myo-inositol in 
which the phosphatidyl groups were substituted in meta-posi- 
tions on the myo-inositol ring. Since only one glycerol was 
present and a secondary phosphate dissociation was_ absent, 
Hawthorne proposed a cyclic structure. 
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We have reinvestigated the beef brain phosphoinositide (8), 
and have obtained results that are quite different from those of 
Folch. Our lipid preparation analyzed for three phosphate 
groups per myo-inositol. The myo-inositol phosphate compo- 
nent produced by hydrolysis of the lipid is a complex mixture; 
five substances were isolated and each was found to be optically 
active, the major component being a myo-inositol triphosphate. 
Thus, the lipid might more accurately be called a “‘triphospho- 
inositide,”’ and a tentative structure is proposed. A similar 
conclusion has been reported elsewhere (9). 


EXPERIMENTAL PROCEDURE 


Preparation of Beef Brain Phosphoinositide—This preparation 
was carried out exactly as described by Folch (6). Beef brains 
were obtained within an hour after slaughter and were placed 
in crushed ice until they reached the laboratory about 2 hours 
later. They were immediately converted to an acetone powder, 
and the powder was run through the subsequent stages as soon 
as possible. The yields at various steps were similar to those 
reported by Folch. A preparation starting with five brains 
weighing 2330 g gave 50 g of “cephalin.” After the chloroform- 
ethanol precipitation, there remained 16 g; and after 12 chlo- 
roform-methanol precipitations and dialysis of the resulting 
material, we obtained 2.5 g of air-dry phosphoinositide. This 


() 

g 

54 
| 


January 1961 


TABLE I 


Phosphate esters obtained on alkaline hydrolysis 
of beef brain phosphoinositide 


| 


Chromatography” Molar Molar | 
70 | Mol 
la | 0.60 | | 4 } 1.0 
Ib 0.39 0.68 | —1.3° 1.0 124 J 
Ila 0.34 0.39 —15.2° 2.0 10 11 
IIb 0.29 0.24 +3.4° 2.0 8 : 
IIIa 0.27 | 0.18 | —15.5°} 3.2 10 | 
IIIb 0.22 0.12 —27.4° 3.2 31 : 
Glycerol-P 2.5 


2Values reported as Rgtycerot phosphats» Solvent A: n-propa- 
nol-concentrated ammonia-water (5:4:1); Whatman No. | paper; 
descending for 24 hours. Desjobert and Petek (11) report values 
of 0.38 for myo-inositol monophosphate, 0.27 for diphosphate, 
and 0.22 for triphosphate, all obtained by partial hydrolvsis of 
phytin. Solvent B: isopropanol-concentrated ammonia-water 
(7:1:2); Whatman No. 1 paper; descending for 5 days at 30°. 

' The sum represents a 75% recovery of the myo-inositol con- 
tent of the phosphoinositide. 

¢ These are the molar ratios of the sums of Fractions 7, J], and 
ITT. 

4More accurate determination of the amounts of the myo- 
inositol monophosphate components has given these values, which 
are considerably higher than those reported previously (Refer- 
ence (8)). 


material had the following composition: 6.5% phosphorus, 12% 
myo-inositol, 0.3% nitrogen. 

A second preparation, starting with 100 beef brains, gave 75 
g of the undialyzed phosphoinositide preparation.!. Upon dialy- 
sis, 5 g of this material yielded 3.4 g of pure phosphoinositide. 

Base Hydrolysis of Beef Brain Phosphoinositide (4)—F ive grams 
of the lipid were stirred with 200 ml of 2 N potassium hydroxide 
at room temperature until solution was almost complete. The 
dark brown solution was then refluxed for 30 minutes, with 
octanol added to prevent foaming. The cooled solution was 
treated batchwise with enough Dowex 50-H to make it strongly 
acidic, and the resin and precipitated fatty acids were filtered 
off. The filtrate was passed through a column of Dowex 50-H 
to remove all cations, and the eluate was extracted once with 
ether to remove the remaining fatty acids. The water layer 
was separated, made basic by the addition of excess cyclohex- 
Ylamine, and it was then concentrated to dryness in a vacuum. 
A yeast assay showed that the material contained 12 mg of free 
myo-inositol, or 2% of that present in the starting lipid. The 
residue weighed about 5.0 g. It was extracted with hot absolute 
ethanol, and insoluble material (0.5 g) which contained no or- 
ganic phosphate was removed by filtration. The filtrate was 
concentrated to dryness, and the residue served as the starting 
material for separations by ion exchange and filter paper chro- 
matography. 

A chromatogram (4) of this material showed six myo-inositol 
phosphate components (see Table I and Fig. 1), as well as two 
glycerol phosphate components. 

_ 1 The unusual sense of dedication shown by Mr. Stephen Freer 
In carrying out these isolations is heartily acknowledged. 
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Chromatography of Myo-inositol Polyphosphates—The most 
satisfactory method for chromatographic separation of myo- 
inositol polyphosphates was the isopropanol-ammonia-water sys- 
tem of Markham and Smith (10), the method used also for the 
separation of the four isomeric myo-inositol monophosphates 
(4). Descending elution for 5 to 10 days was required to resolve 
the di- and triphosphates. 

The propanol-ammonia-water solvent system of Desjobert and 
Petek (11) is useful when one wishes to obtain a picture of the 
myo-inositol polyphosphate mixture in an 18-hour run. How- 
ever, it gives poor resolution of the various isomers. 

The myo-inositol monophosphates and the ortho-substituted 
diphosphates can be detected on paper by the use of a silver ni- 
trate-sodium hydroxide dip (12), but in general, the molybdate 


Fic. 14. Chromatogram of myo-inositol phosphate components 
from base-hydrolyzed (left) and acid-hydrolyzed (right) beef brain 
phosphoinositide; Desjobert-Petek solvent (11), 18 hours descend- 
ing, developed with molybdate spray reagent (13). 8B. Chromato- 
gram of isolated myo-inositol polyphosphate components, ob- 
tained from base-hydrolyzed phosphoinositide; Markham-Smith 
solvent (10), 10 days descending, developed with molybdate spray 
reagent (13). 
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spray (13) is more sensitive for the diphosphates and the tri- 
phosphates. 

Fractionation of Myo-inositol Phosphates by Ion Exchange Chro- 
matography—The cyclohexylamine salt of the myo-inositol phos- 
phate mixture obtained above (4.5 g) was dissolved in 50 ml of 
water. It contained 200 mg of total organic phosphorus as de- 
termined on an aliquot by the method of Fiske and SubbaRow 
(14). The sample was applied to an ion exchange resin column 
(38 X 3.5 em) filled with Dowex 1-chloride, 200 to 400 mesh, 
toa height of 32cm. Before elution, the column was thoroughly 
washed through with water. A gradient elution was then carried 
out starting with 1 liter of 0.2 m lithium chloride in a 1-liter 
Erlenmeyer flask as the reservoir and 250 ml of water in a 250- 
ml Erlenmeyer mixing chamber (15). The rate of elution was 
about 1 ml per minute. Fractions (5 ml) were collected and 
analyzed for total phosphorus. About 50°% of the total phos- 
phorus was recovered with 0.2 m lithium chloride. The elution 
was continued with 0.4 m lithium chloride in the reservoir with- 
out changing the content of the mixing chamber. 

Representative tubes in each peak were evaporated to dryness, 
and the residue was extracted with absolute ethanol to remove 
the ethanol-soluble lithium chloride. The insoluble lithium 
phosphate salts were collected” by centrifugation, dissolved in 
water, and the solutions were treated batchwise with Dowex 
50-H, 50 to 100 mesh, to remove the cations. The resin was 
filtered off, and the acidic filtrate was neutralized with cy- 
clohexylamine. The solutions were chromatographed in iso- 
propanol-ammonia-water (4), descending for 4 days, and the 
identification of the components in each peak was made with a 
molybdate spray. 

The tubes were pooled into three major fractions as indicated 
in the elution diagram, Fig. 2. The fractions were concentrated 
to dryness in a vacuum, and the lithium chloride was extracted 
by the addition of absolute ethanol. The insoluble lithium phos- 
phate salts were dried in a vacuum desiccator. Fraction J con- 
tained 90 mg of total phosphorus and consisted of inorganic 
phosphate, glycerol phosphate, and myo-inositol monophosphate. 
Fraction JJ, 24 mg of total phosphorus, had a phosphorus to 
myo-inositol ratio of 2.1, and consisted of two isomeric myo- 
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FRACTION NUMBER 
Fia. 2. The elution pattern from a Dowex 1-chloride column 
of the total phosphate-containing components from base-hy- 
drolyzed beef brain phosphoinositide. The compositions of Frac- 
tions J, JJ, and JII are given in the text. 
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inositol diphosphates. Fraction JJ contained 80 mg of total 
phosphorus, had a phosphorus to myo-inositol ratio of 3.2, and 
consisted of two isomeric myo-inositol triphosphates. Separa- 
tion of these mixtures was carried out on filter paper strips as 
described in the following section. 

Further Fractionation of Myo-inositol Diphosphate and Triphos- 
phate Components by Filter Paper Chromatography—Fractiong 
IT, and III, obtained by ion exchange chromatography, were 
dissolved in water and the solutions were treated batchwise with 
excess Dowex 50-H to remove the lithium ions. The solutions 
of the free acids were applied to Whatman No. 3MM filter paper 
strips. About 1 mg of total phosphorus was applied to each 
sheet of paper, 18 em wide and 57 em long. Separation by de- 
scending elution in the isopropanol-ammonia-water solvent at 
30° was complete after 10 days. The phosphate esters were 
located on guide strips cut out from the middle of the paper 
strip, with the use of the molybdate spray reagent. The material 
in each band was eluted with water, and the eluates were evapo- 
rated to dryness in the presence of excess cyclohexylamine. 

Two diphosphate esters were obtained from Fraction JJ, and 
two triphosphates from Fraction 777. When the individual 
materials were rechromatographed in the same system for an 
equal length of time, they appeared as single components (Fig. 
1B). The amount of each, as determined by phosphorus analy- 
sis, is given in Table I. The rotation of each of the components 
was determined in water solution to which a drop of cyclohex- 
ylamine had been added to assure that the solutions were strongly 
basic. The concentration of each solution was determined by 
a total phosphorus analysis on an aliquot. The values are given 
in Table I. 

Crystalline cyclohexylamine salts of some of the myo-inositol 
diphosphates and triphosphates have been obtained, but the 
amounts have been too small for elementary analyses. Infrared 
spectra have been determined, however, and should aid in char- 
acterization. 

Isolation of Myo-inositol Phosphates by Paper Chromatography 
of Total Base Hydrolysate—A sample, about 200 mg, of the cy- 
clohexylamine salts of the myo-inositol phosphate mixture pro- 
duced by base hydrolysis of the brain phosphoinositide, was 
applied to six pieces of Whatman No. 3MM filter paper (6 inches 
by 21 inches), and the strips were chromatographed in the iso- 
propanol solvent descending for 3 days. Guide strips were cut 
from the papers and sprayed with the molybdate reagent. The 
different bands, with the Ry values given in Table I, were cut 
out, and the material was eluted with water. The eluates were 
concentrated to dryness in the presence of a few drops of cyclo- 
hexylamine which served to displace the ammonia and yielded 
the cyclohexylamine salt of the phosphates. The characteriza- 
tion of the monophosphate component is given below. The 
other components were more easily obtained by the combined 
ion exchange and paper chromatographic separation, and their 
characterization was done on material prepared in that manner. 

Myo-inositol 4-Phosphate—The faster of the components (Jb) 
running in the myo-inositol monophosphate region gave 9 mg of 
a crude cyclohexylamine salt. The material crystallized from 4 
few drops of water on the addition of acetone to turbidity. The 
dry compound showed the constants given in Table I. 

Chromatographic comparison of this myo-inositol monophos- 
phate with authentic myo-inositol 1-phosphate, 5-phosphate, 
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and pL-myo-inositol 4-phosphate showed that it corresponded 
exactly to the third in Ry, but was different from the other two. 

A comparison of the infrared spectra of the salts in potassium 
bromide pellet form revealed that the brain lipid monophosphate 
had the general spectral characteristics of inositol monophos- 
phates: 960, strong, split peak; 920, strong; 895, weak; 842, 
strong; 780, weak; 718, weak. However, it was definitely dif- 
ferent from synthetic DL-myo-inositol 4-phosphate: 970, strong; 
928, weak; 895, weak; 822, strong; 725, medium; 695, weak. 

A solution of the myo-inositol 4-phosphate was heated in acid 
under the conditions that cause migration of myo-inositol 1- 
phosphate and 2-phosphate (4). There was no change in its 
chromatographic property. Under more drastic conditions, 
there was evidence for the formation first of myo-inositol 5- 
phosphate, and then of myo-inositol 1-phosphate. 

Determination of Myo-inositol to Phosphorus Ratios—Samples 
of phosphoinositide or chromatographically pure myo-inositol 
phosphate esters were hydrolyzed in 5.6 N hydrochloric acid in 
a sealed tube at 120° for 48 hours. The tubes were then opened 
and the acid removed by allowing the tubes to stand in an evac- 
uated desiccator over sodium hydroxide pellets. The content 
of each tube was then diluted to a known volume with water, 
and suitable aliquots were taken for phosphorus analysis by the 
method of Fiske and SubbaRow; myo-inositol was determined 
microbiologically by the method of Atkins, Williams, Shultz, 
and Frey (16) with Kloeckera brevis instead of Saccharomyces 
carlsbergensis as the test organism. 

Synthetic mixtures of myo-inositol and sodium phosphate, as 
well as authentic myo-inositol 2-phosphate, were used as stand- 
ards to measure the reliability of the analyses. The ratios found 
were within 10% of the calculated values. The ratios for the 
different components obtained from the lipid hydrolysate are 
given in Table I.? 

Periodate Oxidation of Myo-inositol Phosphates—Samples of 
the myo-inositol phosphate cyclohexylamine salts were dissolved 
in water, the amine was removed by treatment with Dowex 50-H, 
the resin was filtered off, and the solution was neutralized with 
sodium hydroxide. This solution was concentrated to dryness 
and the residue dissolved in enough 0.1 M sodium periodate so 
that a 50 to 100% excess of periodate would remain at the end 
of the reaction. The consumption of periodate was followed 
by removal of 0.03-ml aliquots which were mixed with 3.0-ml 
portions of water before the absorbancy was read at 260 my (17). 
Under these conditions, 0.1 mM sodium periodate gave a value of 
about 1.00 optical density units. At the end of the reaction, 
sodium borohydride was added to reduce the aldehyde groups, 
and the phosphate esters were hydrolyzed by treatment of the 
solution with intestinal phosphatase (after adjustment to the 
proper pH). The resulting solution was first freed of boric acid 
by evaporation in the presence of methanol containing 1% hy- 
drogen chloride (18), and the residue was then dissolved in water 
and deionized by using a mixed-bed resin. The deionized solu- 
tion was used for chromatographic analysis or for isolation of 
the polyol components. 

Chromatographic Separation of Polyalcohols—Many polyols 
ean be effectively characterized by chromatography on Whatman 
No. 1 filter paper with the solvent system ethy] acetate-pyridine- 
water saturated with boric acid (60:25:20) (volume per volume 


*Some of these determinations were made by Miss Marcia 
Buckley, whose assistance was invaluable. 
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TABLE II 
Chromatographic separation of polyols 
Distance 
Polyalcohol traveled in Rglycerot 
18 hrs 
cm 
1,4-Anhydroribitol.................... 24 0.75 
Ethylene glycol....................... 43 1.38 


per volume), run descending for 18 to 48 hours (19). The com- 
pounds are detected with a periodate-benzidine spray (20). The 
use of 0.1% periodate instead of 0.5% periodate is recommended 
for increased sensitivity. Results are listed in Table II. 

Periodate Oxidation of Myo-inositol Diphosphate, IIa—A 34-mg 
sample of the cyclohexylamine salt was treated as described 
above. The consumption of periodate amounted to 2.7 moles 
per mole of compound. Chromatography of the polyol com- 
ponent resulting from reduction and dephosphorylation revealed 
the presence of a tetritol, apparently threitol. The dry sample 
was dissolved in 1 ml of absolute ethanol, a few drops of benz- 
aldehyde were added, and the solution was saturated with dry 
hydrogen chloride gas. After a few minutes, crystals of diben- 
zylidene-threitol separated. These were centrifuged down, 
washed with ethanol and water, and dried. Recrystallization 
from absolute ethanol gave the pure material. It had a melt- 
ing point of 228.5° and [a]z8, = —78.9° (chloroform). The 
infrared spectrum in potassium bromide pellet was identical with 
that of authentic dibenzylidene-p-threitol, which has the reported 
melting point of 231° and a specific rotation of —78.3° (chloro- 
form) (21). 

Periodate Oxidation of Myo-inositol Triphosphate, IIIb—A 
sample of 38.3 mg of the cyclohexylamine salt was treated as 
described above, the oxidation occurring in 2.0 ml of 0.1 M sodium 
periodate. The absorbancy at 260 my changed as follows: 0 
time, 1.05; 13 hours, 0.88; 3 hours, 0.79; 43 hours, 0.75; 23 hours, 
0.70. The total uptake corresponded to 1.3 moles of periodate 
per mole of compound. 

Upon reduction and dephosphorylation, the only polyol de- 
tectable with the periodate-benzidine spray was indistinguishable 
from iditol. 

The iditol component, resulting from similar treatment of a 
second 58-mg sample of the lithium salt of 7b, was acetylated, 
and the polyol acetate was isolated by chromatography on a 
magnesol-celite column (22). The pure acetate was crystallized 
from ether-hexane. It melted at 121°, had [a]Z°, = + 25° (chlo- 


3’ This solvent system, first suggested by Dr. Arvan Fluharty, 
is a modification of one described by Smith (19). 
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roform), and gave an infrared pattern in potassium bromide 
pellet that was identical with the spectrum of authentic L-iditol 
hexaacetate. The reported melting point of D-iditol hexaacetate 
is 122°, and the ja]? = +25.5° (chloroform) (23). 

Acid Hydrolysis of Beef Brain Phosphoinositide—One gram of 
the lipid was hydrolyzed in boiling 6 N hydrochloric acid and 
worked up according to Folch. The product, after the first 
alcohol precipitation, was a solid that weighed 200 mg. It was 
converted to the cyclohexylamine salt, which weighed 320 mg, 
and the rotation of this material in 5.0 ml of water was deter- 
mined. The specific rotation was — 0.03° + 0.03° (c 6.4, water), 
which indicates the absence of any optical activity. 

A chromatogram (4) of the sample (Fig. 14) revealed phos- 
phate-containing material that formed a solid streak throughout 
the region occupied by myo-inositol di- and triphosphates. The 
monophosphate region showed mainly myo-inositol 1-phosphate. 
These results indicate that extensive migration of the phosphate 
groups had occurred. 

About 100 mg of the salt were streaked on Whatman No. 3MM 
filter paper strips, and the papers were eluted for 5 days in the 
isopropanol solvent. The slowest end of the myo-inositol poly- 
phosphate component was separated, and the ratio of phosphorus 
to myo-inositol after acid hydrolysis was determined. A value 
of 2.9 was obtained. 

Periodate Oxidation of Intact Phosphoinositide—A 1% solution 
of the potassium salt of the lipid, prepared according to Folch, 
was used. The solution (10 ml) was mixed with 5 ml of 0.1 M 


sodium periodate. An 0.05-ml aliquot was removed and added 


to 3.0 ml of water. The absorbancy of this solution was deter- 
mined at 260 my as a measure of the periodate concentration. 
The readings changed as follows: 0 time, 0.745; 2 hours, 0.635; 
4 hours, 0.570; 21 hours, 0.540; 45 hours, 0.470. 

To this solution were then added 300 mg of sodium borohydride 
to reduce the aldehyde groups. After 2 hours, the solution was 
brought to a concentration of 1 N in sodium hydroxide and re- 
fluxed for 30 minutes. The cooled solution was treated with 
Dowex 50-H until it had a pH of 8. The resin was filtered off, 
and the pH was adjusted to 9.5 with sodium hydroxide. The 


final volume was 44 ml. The solution was then treated with. 


intestinal phosphatase to hydrolyze the phosphate esters. 

This solution was treated with Dowex 50-H to remove the 
cations, and the boric acid was removed by concentration to 
dryness and evaporation three times with methanol. The resi- 
due was dissolved in a little water, deionized with a mixed-bed 
resin, and the solution was analyzed by chromatography in the 
pyridine-ethy] acetate-boric acid solvent, the components being 
detected with the periodate-benzidine spray reagent. Only three 
components were detectable. They were myo-inositol, iditol, 
and glycerol, all present in approximately equal amounts. 

When the initial oxidation of the lipid was allowed to proceed 
for 7 days, the absorbancy decreased to 0.305, and the resulting 
chromatogram showed much less myo-inositol and iditol, indi- 
cating that the intermediate dialdehyde slowly decomposed and 
was destroyed eventually. The glycerol apparently survived 
because it was esterified with fatty acids. 

Phosphoinositide from Aged Beef Brain—A beef brain weighing 
450 g was stored at 5-10° for 3 days. The phosphoinositide 
was then extracted by the standard procedure. The prepara- 
tion (0.7 g) was completely colorless and noticeably more resist- 
ant to air oxidation than the lipid prepared from fresh brain. 

Base hydrolysis gave a colorless, cloudy solution, and the myo- 
inositol phosphate component was isolated for chromatography 


as described above. 


from fresh brain. 


Determination of Ratio of Phosphorylated Components in Basge- 
Hydrolyzed Phosphoinositide by Paper Chromatography—A sample 
of the mixture of phosphate esters prepared by base hydrolysis 
of the lipid as above (containing about 1 mg of total phosphorus) 
was applied to a piece of Whatman No. 1 paper (6 inches by 18 
inches), and the paper was developed by descending chromatog- 
raphy for 4 days in isopropanol-ammonia-water (70:20:10) (vol- 
The paper was dried, and a center 
strip about 1 inch wide was cut out and sprayed with the molyb- 
The zone containing inorganic phosphate was 
marked, and then the paper was further treated with ultraviolet 
light to make visible the organic phosphate esters. These zones 
were cut out of the remainder of the paper, and each one was 
The eluates were diluted quanti- 


ume per volume per volume). 


date reagent. 


eluted separately with water. 


tatively to 10 ml with water, and 1.0-ml aliquots were taken for 
inorganic and total phosphorus determinations. 
Table I are expressed as molar ratios of the sums of each frac- 
tion with the monophosphate component taken as 1. 


Present knowledge of the susceptibility of myo-inositol phos- 
phate esters to acid-catalyzed migration (4) indicates that deg- 
radative studies using acid hydrolysis cannot yield definitive 
information about position of the phosphate groups in phospho- 
Indeed, although acid hydrolysis of soybean mono- 


inositide. 
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A chromatogram of the mixture revealed 
that the major component was the slow myo-inositol triphos- 
phate. The other components listed in Table I were present 
in about the same amounts as were found in phosphoinositide 


The results in 


phosphoinositide has long been known to yield an optically in- 
active myo-inositol monophosphate, we have recently established 


that base hydrolysis of this compound gives an optically active 


myo-inositol 1-phosphate. This compound was later proved by 
synthesis to be L-myo-inositol 1-phosphate (Ja) (5). 


tually led to the conclusion that the position occupied by the 
phosphate group in Compound Ja is the same as the position of 


This even- 


the linkage in the original phospholipid. The alkaline degrada- 


tion of the monophosphoinositide can therefore be pictured as 


shown in Fig. 3. 

Our preparation of beef brain phosphoinositide, isolated as 
described by Folch, contained 6.5% phosphorus, 12% myo-ino- 
sitol, and had a phosphorus to myo-inositol molar ratio of 3.1 


MYO-INOSITOL 
2- PHOSPHATE 


L- MYO-INOSITOL 
PHOSPHATE 


Fic. 3. The proposed mechanism for the alkaline hydrolysis of 
soybean monophosphoinositide leading to L-myo-inositol 1-phos- 


phate. 
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(whereas Folch found 7% phosphorus, 21% myo-inositol, and a 
ratio of 2). Acid hydrolysis of our material by the method of 
Folch gave a chromatographically irresolvable mixture of op- 
tically inactive myo-inositol mono-, di-, and possibly triphos- 
phates (Fig. 14). Thus, the meta-diphosphate isolated by Folch 
must have been optically inactive because of extensive phos- 
phate migration, and undoubtedly consisted of a mixture of 
jsomeric myo-inositol polyphosphates. Base hydrolysis, how- 
ever, gave a simpler mixture (Fig. 14) containing one major 
myo-inositol monophosphate (6), two myo-inositol diphosphates 
(IIa, b), and two myo-inositol triphosphates (I7Ja, b), all in the 
ratios shown in Table I. Each of the components was optically 
active. 

The structures of these optically active degradation products 
should give some indication of the structure of the original lipid. 
After the determination of the myo-inositol to phosphate ratios 
of the individual compounds and the measurement of their optical 
activity, a study of the products of periodate oxidation was 
made. Myo-inositol monophosphates are known to be com- 
pletely oxidized by periodate with the formation of inorganic 
phosphate in a manner analogous to, and probably involving 
the same malondialdehyde derivative, as ribitol 3-phosphate 
(24-26). A myo-inositol para-diphosphate would be expected 
to react in a similar manner unless the hexo-dialdehyde formed 
in the first cleavage step were to cyclize at both ends and resist 
further oxidation. Ortho-diphosphates should yield a tetritol, 
and meta-diphosphates a pentitol after periodate oxidation, 
reduction of the dialdehyde, and dephosphorylation of the polyol 
phosphate. Myo-inositol triphosphates could yield either a 
pentitol or hexitol in the above reaction sequence, or could resist 
oxidation completely if the phosphate groups occupied the 1 ,3 , 5- 
or 2,4,6-positions. The latter two compounds, having planes 
of symmetry, would be optically inactive. 

We find that periodate oxidation of the major triphosphate, 
IIIb, followed by reduction of the resulting dialdehyde and de- 
phosphorylation of the reduced polyol phosphate gives iditol 
(Fig. 4), whose crystalline hexaacetate had a melting point of 
121° and [a}ze, = +25° (in chloroform). Thus, the polyol is 
p-iditol (reported melting point 122°, (a), = +25.5°) (23) and 
the myo-inositol triphosphate J7Jb must have the structure and 
absolute configuration shown. This reveals for the first time a 
direct steric relationship to the product Ja from the plant mono- 
phosphoinositide and suggests that the brain polyphosphoin- 
ositide is homologous in structure.‘ 


OPO;H:2 
H.0;PO | 
OPO;H2 OPO;H:2 
la IIIb 


The myo-inositol monophosphate fraction contained only a 
trace of Compound Ja. The major monophosphate component 
was distinguishable chromatographically from authentic myo- 
inositol 1-phosphate, 2-phosphate, and 5-phosphate, but it was 
indistinguishable from synthetic pL-myo-inositol 4-phosphate,5 
except for the infrared spectrum of its crystalline cyclohexylamine 


‘Beef liver monophosphoinositide has the same absolute con- 
figuration as the soybean monophosphoinositide. Brown, D. M., 
personal communication. 

‘A sample of synthetic p,L-myo-inositol 4-phosphate was 
kindly supplied by Dr. S. J. Angyal, Sydney, Australia. 


C. Grado and C. E. Ballou 59 


H2COH 
oP oP POCH 
PO 
No IO, No BH, PHOSPHATASE 
H #H > 
C HCOP 
CH,OH 
HeCOH HeCOAc 
HOCH 
HCOH  (CH3CO), O HCOAc 
— 
HOCH CsHsN AcOCH 
HCOH HCOAc 
H2COH HeCOAc 
D- IDITOL D-IDITOL _HEXAACE TATE 


Fig. 4. The reaction sequence by which p-iditol is obtained from 
myo-inositol triphosphate component JJ/b. 


H 
PC 


H2COH 


.DEPHOSPHORYLATE. 
e.DE H,COH 
D-THREITOL 


Fic. 5. Reaction sequence by which p-threitol is obtained from 
myo-inositol diphosphate component JJa. 


salt. Thus, Jb must be the asymmetric 4-phosphate with a crys- 
tal form different from that of the racemate. 

The structure of one of the myo-inositol diphosphates has also 
been studied. Periodate oxidation, reduction, and dephos- 
phorylation of [Ja yields p-threitol, characterized as the diben- 
zylidene derivative. Only two diphosphates of myo-inositol 
could give this result. They are shown in Fig. 5. It should be 
possible to distinguish between these two by the ease of acid- 
catalyzed migration of the phosphate groups. The isomer with 
a phosphate group on position 1 should, as was found for myo- 
inositol 1-phosphate (4), be readily isomerized by heating at 80° 
in 1 N acid. 

When this test was applied to Compound IJa, three different 
myo-inositol diphosphates could be detected chromatographi- 
cally, showing that migration had occurred. However, we are 
not sure of the minimal conditions required to bring about phos- 
phate migration ina compound with two phosphate groups 
adjacent to each other as they are in JJa. Until such refer- 
ence compounds are available, this selection must be tentative. 
L-Myo-inositol 4,5-diphosphate is more compatible with the 
structure proposed below for the lipid than is L-myo-inositol 
1 ,6-diphosphate. 

Although the starting phosphoinositide contains more than one 
lipid component (as shown by paper chromatography) (27) we 
suggest, as a working hypothesis, that all the myo-inositol phos- 
phates obtained on base hydrolysis could come from one tri- 
phosphoinositide. By a combination of processes of elimination 
of ROPO;- or R- from a structure such as Compound JV, with 
concomitant phosphate migration caused by cyclization during 
loss of R-, products of the type found could be explained. When 
both ROPO;- groups are eliminated, Jb would be the sole myo- 


6 This structure, JV, is analogous to that proposed by Folch for 
the diphosphoinositide, and is adequate to express present knowl- 
edge. 
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inositol monophosphate. When both R- groups are eliminated, 
the principal myo-inositol triphosphate (expected on the basis of 
the stereospecificity of the hydrolysis of the related soybean 
monophosphoinositide) would be Compound JJ. A mixture of 
two or three diphosphates would result from the elimination of 
one or the other ROPO;- group, with simultaneous migration of 
the remaining phosphate diester. Because of the presence of 
only trans-hydroxyls adjacent to one of the ROPO;~ groups in 
IV, the formation of such a high yield of myo-inositol triphos- 
phate might be unexpected (28). However, unrecognized steric 
factors present in such a highly substituted compound could 
control the direction of elimination. : 


H.O0;PO | H2O;PO 


O—P—OR 


OH 
Ib Iv 


The nature of the remainder of the phosphoinositide molecule 
is suggested by the fact that free glycerol and glycerol phosphate 
are also products of the base hydrolysis. Until a sample of the 
lipid of established homogeneity can be obtained, a quantitative 
determination of the glycerol to myo-inositol ratio can have only 
approximate significance. Dittmer and Dawson, in a brief 
report (9), claim to have obtained two different homogeneous 
“‘triphosphoinositides” from beef brain. Degradative studies on 
such preparations may lead to the further characterization of 
this (these) complex phospholipid(s). 

Diagram IV suggests that the original phosphoinositide should 
be susceptible to periodate oxidation, and should yield iditol 
when the resulting dialdehyde is reduced and dephosphorylated. 
This was actually found to be the case, although some myo- 
inositol always survived the periodate oxidation of the intact 
lipid. When the oxidation was allowed to proceed for 1 week, 
most of the polyol-yielding intermediate derived from myo- 
inositol was completely destroyed, probably as a result of hydrol- 
ysis of the sensitive dialdehyde intermediate. 

The discrepancy between the results described in this paper 
and those reported by Folch is unresolved. Unfortunately, 
samples of Folch’s myo-inositol metadiphosphate and diphos- 
phoinositide are no longer available for comparison. It is possi- 
ble that beef brain polyphosphoinositide is a mixture of related 
compounds whose composition is subject to unknown variables. 
Another possibility is that delay in extraction of the lipid from 
the brain after slaughter might allow time for a phosphomono- 
esterase to degrade Compound JV to a diphosphoinositide. 
However, we have found that a brain that was stored for 3 days 
at 5-10° yielded a phosphoinositide preparation which gave, upon 
base hydrolysis, a myo-inositol phosphate mixture that was very 
similar to that obtained from fresh beef brain. 


SUMMARY 


1. Beef brain phosphoinositide, isolated according to Folch, 
has been found to contain three phosphate groups per myo- 
inositol residue, and to yield on base hydrolysis mainly myo- 
inositol triphosphate. The total myo-inositol phosphate fraction 
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contained two isomeric triphosphates, two diphosphates, and one 
monophosphate. All were optically active. 

2. The major triphosphate yielded D-iditol on periodate oxida. 
tion, reduction of the dialdehyde, and dephosphorylation. Thus, 
it must be L-myo-inositol 1 ,4,5(6)-triphosphate, and the cop. 
figurational relationship to L-myo-inositol 1-phosphate obtained 
from soybean monophosphoinositide is revealed. 

3. One of the myo-inositol diphosphates yielded b-threitol jn 
the periodate reaction sequence, a result which limits its structure 
to either L-myo-inositol 4,5-diphosphate or L-myo-inositol 1,6. 
diphosphate. 

4. The monophosphate was myo-inositol 4-phosphate, the 
assignment of D or L configuration not being possible at this time. 

5. The structure proposed for the original phosphoinositide, 
based on the above findings, is that of a triphosphoinositide with 
the 1,4,5(6)-trisubstituted L-myo-inositol structure. 

6. In agreement with this proposal, the original lipid reacted 
with periodate to give a dialdehyde which upon reduction and 
dephosphory lation yielded iditol. 
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Biotin has long been implicated in a number of carbon dioxide 
fixation reactions (see Lardy and Peanasky (1) for review). Two 
main proposals have been made to explain its mode of action: 

1. The vitamin acts asa coenzyme in carbon dioxide fixation 
reactions. This view was based mainly on observations on the 
incorporation of radioactivity from CO. into compounds in 
equilibrium with certain substances, formed by fixation of COs. 
It has been found that animals or microorganisms on a low biotin 
diet incorporated much less radioactivity from the same dose of 
C40. into these substances than those receiving a normal level 
of the vitamin. Repletion experiments with Lactobacillus arab- 
inosus were particularly suggestive that biotin acts as a coen- 
zyme, since suspensions of the vitamin-deficient organisms, after 
short periods of exposure to biotin, showed an increased fixation 
of C4O. into the cell structure (2-4). 

The function of biotin as a coenzyme has more recently been 
clarified in a number of reactions involving carbon dioxide fixa- 
tion (5-8), and evidence for the nature of its mechanism of action 
in some of these has been presented (5, 6). 

2. The second explanation for the action of biotin is that it 
plays a role in the synthesis of certain inducible enzymes or, 
perhaps, various other proteins. This view evolved from the 
observation that although the activity of “malic enzyme” was 
lower in preparations of liver from biotin-deficient turkeys than 
that in the tissues from normal birds, no significant amounts of 
biotin could be detected in purified preparations of this enzyme 
(9). A-similar situation was encountered with an inducible malic 
enzyme (diphosphopyridine nucleotide-linked) activity found in 
L. arabinosus. Evidence was presented that cells of L. arabi- 
nosus grown in a low biotin medium formed the inducible malic 
enzyme only upon supplementation with additional biotin; this 
was reported to occur in the absence of growth (10). 

The more recent reports on the role of biotin as a coenzyme of 
carboxylation (5-8) still leave unsolved its function in the re- 
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actions mentioned above. It is with the hope of clarifying some 
of these problems that the results of experiments which were 
performed several years ago, dealing with the formation of the 
inducible malic enzyme of L. arabinosus, are presented at this 
time. 

The initial objective of these studies was to determine whether 
a synergistic effect on malic enzyme activity might be observed 
by mixing extracts from cells of L. arabinosus grown in a medium 
in the presence of malate and high biotin with an extract from 
cells supplied with malate and little or no added vitamin. It was 
considered possible that the high biotin cells produced a material 
which could activate a proenzyme form of malic enzyme in the 
biotin-deficient cells. However, it was first necessary to produce 
cells of L. arabinosus in a medium, preferably devoid of biotin, 
under conditions leading to better cell vields than those obtained 
previously when low biotin media (10) were used. 

A medium containing glucose, vitamin-free casein or a mixture 
of amino acids, minerals, a mixture of growth factors (except 
biotin), and a supplement of aspartate and oleate (Tween 80) 
had been shown to yield growth of L. arabinosus almost equal to 
that obtainable in the presence of biotin (see Broquist and Snell 
(11) for review). The formation of the adaptive malic enzyme 
of L. arabinosus with and without added biotin was studied with 
cells grown in such media. 


EXPERIMENTAL PROCEDURE 


L. arabinosus 8014 was obtained from the American Type 
Culture Collection. The vitamin-free casein medium (12) was 
purchased from Difco Laboratories, Inc. (Bacto-biotin assay 
medium). The synthetic amino acid medium was prepared as 
described by Broquist and Snell (11). pu3-Aspartic acid and DL- 
malic acid were commercial products, the synthetic racemic 
products being employed rather than the natural isomers to avoid 
possible contamination by biotin. Tween 80 (polyoxyethylene 
sorbitan monooleate) was a gift from the Atlas Powder Company. 

Portions of double strength medium (5 ml) were placed into 
18- < 150-mm test tubes, the desired additions were made, and 
the volume of each tube was adjusted to 10 ml with water. The 
tubes were covered with aluminum caps and autoclaved at 121° 
for 10 minutes. Inocula were prepared by transfer from a stab 
culture to 10 ml of sterile Bacto-micro inoculum broth (Difco 
Laboratories, Inc.) and incubated for 18 hours at 37°. (In some 
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cases, inocula were grown on a biotin-free casein medium supple- 
mented with Tween 80 without affecting the outcome of the 
experiments.) The cell suspension was centrifuged and washed 
with two 5-ml portions of sterile 0.9% NaCl aseptically. The 
washed cells were diluted to a reading of 92% light transmission 
in the Lumetron colorimeter (filter 650 mu). One drop of this 
inoculum was placed into each of the growth tubes, which were 


TABLE I 


Malic enzyme activity of cells of L. arabinosus 
grown in casein medium 


Additions to basal growth medium* 
0.01 ml of Tween 80................ | 0.21 29 
1 myg of biotin + 200 mg of pL 
0.01 ml of Tween 80 + 200 mg of pL. 


* The commercial biotin assay medium (Difco) was used in all 
tubes. All additions are for a final volume of 10 ml. 

+ The cultures were incubated for 17 hours under an atmosphere 
of carbon dioxide at 33°.G refers to the percentage of light trans- 
mission in a Lumetron colorimeter. 

t The turbidity of the reaction mixtures in all vessels in the test 
for malic enzyme was equal to 85 deflection units as measured 
with a Klett colorimeter with a 660 my filter. O.D. in this case 
refers to 1 Klett unit. 


TaBLeE II 


Malic enzyme activity of cells of L. arabinosus 
grown in a synthetic medium 


Additions to basal growth medium* of 
2-log G ul hr/ 

50 mug of biotin + 2 mg of DL aspar- 

0.01 ml of Tween 80 + 2 mg of pL as- 

0.28 23 
50 mug of biotin + 200 mg of pt mal- | 

50 mug of biotin + 2 mg of DL aspar- 

tate + 200 mg of pit malate...... 0.37 447 
0.01 ml of Tween 80 + 2 mg of DL as- 

partate + 200 mg of pL malate... | 0.32 352 


* The basal medium of Broquist and Snell (11) was used in all 
tubes. All additions are for a final volume of 10 ml. 

+ Cultures were incubated for 17 hours under an atmosphere of 
carbon dioxide at 33°. Turbidity of the cultures was read in the 
18- * 150-mm tubes in a Lumetron colorimeter with a 650 mz 
filter. G refers to the percentage of light transmission in a Lu- 
metron colorimeter. 

t The turbidity of the reaction mixtures in all vessels in the 
test for malic enzyme was equal to 60 deflection units as measured 
with a Klett colorimeter with a 660 my filter. O.D. in this case 
refers to 1 Klett unit. 
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then incubated in a carbon dioxide atmosphere at 33°. The 
time of incubation and other treatments are indicated in the text 
and tables. After incubation, turbidity (growth) was determined 
in a Lumetron colorimeter (filter 650 my). All readings were 
compared with a blank of sterile medium. 

Malic enzyme activity in the washed cells was determined by 
the method of Blanchard et al. (10). The turbidity of the cel] 
suspension in the reaction mixture was measured in a Klett color. 
imeter (filter 660) and expressed in the galvanometer deflections 
(optical units) obtained. Activity of malic enzyme is expressed 
as ul of CO2 X 100 per hour per optical unit. 

BaC¥O3 was obtained on allocation from the United States 
Atomic Energy Commission, and NaHC'Q; was prepared in the 
usual way. 


RESULTS 


Growth—Under the conditions used, the vitamin-free casein 
medium gave maximal growth with 1 mug of biotin per 10 ml, 
whereas 5 mug of biotin were needed when a mixture of amino 
acids was used as the nitrogen source. Growth, measured by 
turbidity, on the casein medium without biotin but with Tween 
80, was about half of that with 1 myg of biotin per tube; the 
addition of pL-malate depressed the turbidity in the presence of 
biotin, but had no effect with Tween 80 (Table I). With the 
synthetic medium (Table II) growth was about equal in tubes 
containing 50 mug of biotin and in those with the combination of 
Tween 80 and pi-aspartate; however, although this amount of 
biotin was 10 times greater than that required for maximal 
response, supplementation with DL-aspartate led to a further in- 
crease in turbidity. pi-Malate depressed growth in media with 
biotin, but had no effect in tubes containing Tween 80 and pL- 
aspartate. 

Malic Enzyme Activity—In agreement with the results of 
Blanchard et al. (10), practically no malic enzyme activity was 
detected in cells grown in the absence of malate. However, this 
activity was found not only in organisms grown in media supple- 
mented with biotin and malate, but also in those grown in the 
absence of the vitamin in the presence of Tween 80. The forma- 
tion of this inducible enzyme in the presence and absence of added 
biotin occurred to about the same extent on the casein medium 
(Table I) as on the medium containing only synthetic compo- 
nents (Table IT). 


It was of interest to know whether the rate of development of | 


malic enzyme activity was the same in cells from high biotin and 
biotin-free media. Cell suspensions grown on the two different 
media were washed and transferred to the corresponding fresh 
media supplemented with malate. Under these conditions, the 
rate of induction could be studied over a shorter period of time. 
As can be seen in Fig. 1, malic enzyme was clearly observable 
within 60 minutes of incubation, and the rates of increase of the 
specific activities were almost identical, regardless of whether 
biotin was present or absent. The growth of cells on the biotin- 
supplemented medium roughly paralleled enzyme formation; on 
the biotinless medium, the same relationship held after the 
initial 60 minutes of incubation. No growth appeared to occur 
on the biotinless medium during the first hour, even though en- 
zyme formation was clearly discernible. However, the measure- 


ments of changes in turbidity at low optical densities prevailing 
at the early time periods were not particularly reliable, and de- 
terminations of turbidity are not necessarily a good measure of 
Moreover, 


cell multiplication (growth) under such conditions. 
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TIME OF ADAPTATION , MINUTES 


Fic. 1. Development of malic enzyme activity and growth 
plotted against time. A. Organisms derived from casein medium 
containing 1 myg of biotin per 10 ml. Washed organisms trans- 
ferred to medium containing 1 myg of biotin per 10 ml and 200 mg 
of pt-malate per 10 ml: A A, malic enzyme activity; 
O, growth. B. Organisms derived from casein medium 
containing 0.01 ml of Tween 80 per 10 ml. Washed organisms 
transferred to medium containing Tween 80 and pt-malate: 
A—A, malic enzyme activity; @- ----@, growth. The cells, 
grown in 40 ml of medium (A or B) at 33° under an atmosphere of 
earbon dioxide for 17 hours, were centrifuged and washed with two 
40-ml portions of sterile 1.15% KCl. Upon centrifugation, they 
were suspended aseptically in 80 ml of medium containing DL- 
malate and either biotin or Tween 80. These suspensions were 
incubated at 37°; at the time intervals indicated, 10-ml samples 
were removed from the respective vessels. The cells were washed 
twice with 10-ml portions of 1.15% KCl and finally taken up in 2.0 
ml of 1.15% KCl. A quantity of 0.4 ml of this suspension was used 
in the manometric assay for malic enzyme (final volume of reac- 
tion mixture, 3.0 ml). 


the large variations in turbidities of the cell suspensions at the 
outset of this experiment may well have contributed to the lag 
in apparent growth during the first hour on the biotinless me- 
dium. 

Incorporation of Radioactivity from C“%O.—These experiments 
were done essentially under the conditions of Lardy et al. (4) 
except that the biotinless aspartate-Tween 80 medium was 
substituted for the low biotin medium used by these authors. As 
can be seen in Table III, cells from a growth medium containing 
biotin, when washed and reintroduced into fresh medium, showed 
about the same incorporation of radioactivity from HCO; , 
regardless of whether the second reaction mixture contained the 
vitamin. However, only slight radioactivity was recovered 
from cells from the aspartate-Tween medium, but the incor- 
poration was markedly increased upon the addition of biotin to 
the HC“O;" incorporation medium. In the latter case, the incor- 
poration was still not as high as with the organisms initially 
grown in a biotin-containing medium. The explanation, in part, 
may be a carry-over of some aspartate from the biotinless me- 
dium into the HC“O;— incorporation medium; added aspartate 
is known to depress fixation of CO, into L. arabinosus (4). 
Similar results were obtained when the casein medium was used 
instead of the medium containing a mixture of synthetic amino 
acids. The ability of the cells to develop the CO: fixation system 
in the presence of biotin does not appear to be dependent on cell 
growth, since other experiments showed that the addition of 25 
units of penicillin! per tube of HCO; incorporation medium did 
not depress the appearance of C" in the cell residues. This 
would appear to be of particular significance in the experiments 


+ Control experiments indicated a complete inhibition of growth 
with this amount of antibiotic. 
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TaBLeE III 


Incorporation of radioactivity from HC'4O;- into cell 
residue from L. arabinosus 


Cells were grown in the synthetic medium of Broquist and Snell 
(11) for 19 hours under an atmosphere of carbon dioxide at 33°. 
At the end of this time, the turbidity of the medium was meas- 
ured with a Lumetron colorimeter at 650 mp. The 2-log G value 
on the biotin containing growth medium was 0.54 and on the me- 
dium supplemented with Tween 80 and Du aspartate, 0.33. 

The cells from 80 ml of each growth medium were harvested by 
centrifugation, washed twice with 20-ml volumes of 1.15% KCl, 
and suspended in basal synthetic medium, both to equal turbidity 
(2150 Klett units). Volumes of cell suspension (5 ml) were sup- 
plemented with biotin as indicated. 

Twenty umoles of NaHCO; (1,000,000 c.p.m.) were added to 
each reaction vessel. The tubes were incubated at 30°. At the 
time intervals indicated, 1.0-ml aliquots of reaction mixture were 
withdrawn and placed into 9.0 ml of 5% trichloroacetic acid. The 
suspension was centrifuged and the supernatant fluid discarded. 
The residue was washed three times with ethanol by suspension 
and centrifugation. The washed residues were suspended in a 
small amount of ethanol and placed on preweighted planchets. 
The material was dried under a heat lamp and counted. 


Supplementation 

min  ic.p.m./mg 
10 myg biotin None 30 153 
60 552 
120 850 
180 860 
10 mug biotin 2 mug biotin 30 245 
60 706 
120 775 
180 935 
0.01 ml Tween 80 + 2 mg None 30 17 
DL-aspartate 60 45 
120 65 
180 39 
0.01 ml Tween 80 + 2 mg 2 mug biotin 30 77 
DL-aspartate 60 190 
120 330 
180 354 


with the cells first grown on the Tween-aspartate medium and 
then exposed to the HCO; incorporation medium containing 
biotin. Thus, these results are essentially in agreement with 
those previously obtained by Lardy et al. (4). 


DISCUSSION 


The principal experimental difference between the present 
work on the formation of the inducible malic enzyme and that 
done previously (10) lies in the nature of the culture media 
employed. The biotinless media used here supported growth 
of L. arabinosus approaching that obtainable with biotin supple- 
mentation, whereas with the previously used low biotin media, 
growth was limited. It seems possible that cells exposed to 
such conditions of inanition have lost a number of functions, 
among them the ability to form inducible enzymes. In this 
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connection, it is of interest that Blanchard et al. (10) reported 
that, in addition to lowered formation of malic enzyme, glycolysis 
and pyruvate dissimilation also were depressed in their deficient 
cells. In contrast, the microorganisms developing in the biotin- 
less aspartate-Tween 80 media may be physiologically more 
akin to those grown in the presence of added biotin. 

The question remains of why the level of malic enzyme in 
animal tissues is dependent on biotin nutrition. In view of the 
absence of the vitamin from purified preparations of this enzyme 
(9), the explanation of this phenomenon may perhaps still be 
found in the need for an as yet unrecognized cofactor (formed 
under biotin control) for the activity of thisenzyme. This possi- 
bility was not investigated in the present work with L. arabinosus 
because no influence of biotin nutrition on malic enzyme forma- 
tion could be found. Nevertheless, such an explanation cannot 
be completely excluded, even with biotin-requiring L. arabinosus 
grown in a biotinless medium, because it has been shown by 
Broquist and Snell (11) that this organism synthesized traces of 
biotin under such conditions; indeed, its growth can be inhibited 
by the inclusion of avidin in the aspartate-Tween 80 medium (13). 
Perhaps this trace amount of biotin synthesized by the organisms 
is adequate to fulfill the needed function in the formation of an 
active malic enzyme complex? However, if such an explanation 
is applicable, it would mean that the magnitude of the require- 
ment of biotin for malic enzyme formation is very much less than 
that of the CO, fixation reaction, since the latter has been shown 
to be markedly dependent on the addition of the vitamin to the 
growth or the HC“O;" incorporation medium. 


SUMMARY 


The influence of biotin on the formation of an inducible malic 
enzyme and on the incorporation of C™“O2 into cells of ZL. 
arabinosus has been studied. - 


? Broquist and Snell (11) reported the presence of 3 mug of 
biotin per g of L. arabinosus grown in a biotinless oleate-aspartate 
medium. However, with regard to the probable amount of biotin 
present in the cells grown in the low-biotin medium used in previ- 
ous studies on malic enzyme formation (10), it should be noted 
that Broquist and Snell (13) also observed that the level of biotin 
in cells from the biotinless medium was about 2% of that found in 
cells “grown with a minimum amount of biotin required in the 
absence of oleate.’’ 
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The specific activity of malic enzyme of cells grown in a biotin. 
less medium supplemented with Tween 80 (polyoxyethylene 
sorbitan monooleate) and DL-aspartate was the same as that of 
organisms receiving biotin. Also, the rates of formation of malic 
enzyme by suspensions of cells first grown in the presence or 
absence of the vitamin were independent of the biotin content of 
the adaptation media. However, the incorporation of radio. 
activity from CO, into cells from the biotinless growth me. 
dium was markedly less than that of those supplemented with 
the vitamin. Addition of biotin to cells first grown on a biotip. 
less medium led to enhanced incorporation of radioactivity from 
C4O, into cellular material. The possible significance of 
these results is discussed. 
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In the conversion of cholesterol to the steroid hormones, the 
side chain is cleaved between carbon 20 and carbon 22. The 
first report on the fate of the 6 carbons in the side chain was made 
by Staple et al. (1) in 1955 using adrenal extract. Diphospho- 
pyridine nucleotide and adenosine triphosphate were used as co- 
factors and pregnenolone and isocaproic acid were formed. 
Work from several other laboratories has firmly established the 
formation of pregnenolone (2, 3) and has indicated 208-hydroxy- 
cholesterol as an intermediate (4). In these studies, fumarate, 
nicotinamide, and Mg++ were added besides DPN and ATP. 
Since TPNH has been shown to be the cofactor for many oxygena- 
tion reactions (see reference (5)), we decided to investigate the 
possible role of TPNH in the cleavage of the side chain of cho- 
lesterol and also to attempt to elucidate the mechanism of this 
transformation. In this paper, we wish to report that TPNH is 
the only cofactor required. We have also confirmed the forma- 
tion of isocaproic acid and pregnenolone by the combined ac- 
tion of two enzyme fractions obtained from mitochondrial ex- 
tracts. A preliminary report has already appeared (6). Similar 
results on a TPNH requirement have also been reported by 
Halkerston et al. (7). 


EXPERIMENTAL PROCEDURE 


Material and Methods 


The cortex of bovine adrenals freshly obtained from the 
slaughter house was homogenized with 2.5 volumes of phosphate 
buffer (4/150, pH 7.4) in 0.25 m sucrose solution in a Potter- 
Elvehjem homogenizer. The mitochondria were collected by 
centrifugation (5000 x g, 10 minutes) and washed twice with 10 
volumes of phosphate buffer (m/150, pH 7.4). 

4-C4. and 26-C"4-cholesterol were purchased from New Eng- 
land Nuclear Company and had specific activities of 15 « 10° 
and 14 X 10° c.p.m. per mmole, respectively. For the experi- 
ments, these sterols were emulsified with the aid of 1 mg of 
Tween 80 (Atlas Powder Company) per flask. TPNH, TPN, 
DPNH, DPN, ATP, glucose 6-phosphate, and glucose 6-phos- 
phate dehydrogenase were all purchased from Sigma Chemical 
Company. 7 

All incubations were carried out at 37° for 3 hours in stoppered 
flasks. At the end of incubation, the reaction mixtures were 
acidified with sulfuric acid and the CO, trapped in 1 ml of 1 N 


* This work was supported by grants-in-aid from the Research 
Corporation, the Life Insurance Medical Research Fund, and the 
United States Public Health Service (No. H-4139). 

Fos requests for reprints should be addressed to the second 
author. 


NaOH. The radioactivity in COz was determined as BaCO; 
and corrected to infinite thinness according to Calvin et al. (8). 
[socaproic acid was steam distilled after addition of 2 to 3 mg 
of carrier. The steam distillate was further acidified with 
sulfuric acid and extracted twice with ether. The ether extract 
was reduced by gentle boiling to approximately 10 ml and the 
acid extracted with 2 ml of 0.5% NaHCO; solution. An aliquot 
of this aqueous solution was then dried and counted. The 
identity of isocaproic acid was established according to Staple 
et al. (1). Polar sterols were extracted and chromatographed 
according to Saba et al. (2) using the solvent system of Zaffaroni 
and Burton (9). The radioactivity in compounds with Ry, 
values the same or lower than that of pregnenolone is listed in 
the tables as polar sterols. All values for polar sterols are cor- 
rected for a small blank value obtained with C'-cholesterol and 
heat-inactivated adrenal extract. 


RESULTS AND DISCUSSION 


As already mentioned in the introduction, it appears highly 
probable that TPNH is required to introduce the 208-hydroxy] 
group. Stone and Hechter (10) have shown that adrenocortico- 
tropic hormone stimulates certain step(s) in the formation of 
pregnenolone from cholesterol. Haynes and Berthet (11) later 
demonstrated that this stimulatory effect is due to the increased 
production of TPNH and suggested that TPNH is an essential 
cofactor for the conversion of cholesterol to pregnenolone. Con- 
firming resuts were obtained with adrenal slices by Koritz and 
Péron (12). Although TPNH was not used in the early experi- 
ments of Staple et al. (1) and others (2, 3), the mixture of co- 
factors used (ATP, DPN, fumarate) could in principle generate 
TPNH in situ. To establish more definitively this postulated 
role of TPNH, 4-C'*- and 26-C"*-cholesterol were incubated with 
twice washed mitochondria in the presence of various cofactors. 
As shown in Table I, TPNH alone satisfies the cofactor require- 
ment for this cleavage of the cholesterol side chain. The value 
reported for TPNH in Table I is obtained with TPNH produced 
in the reaction mixture by TPN*, glucose-6-P, and glucose-6-P- 
dehydrogenase. No activity is obtained if either glucose-6-P or 
the dehydrogenase is omitted. Addition of 10 mg of TPNH 
gave 70% of the activity of continuously regenerated TPNH. 
TPN+, DPNH, or DPN*+ cannot replace TPNH. This obliga- 
tory role of TPNH has also been observed independently by 
Halkerston et al. (7). In the presence of TPNH alone, the only 
labeled product formed from 26-C'*-cholesterol was isocaproic 
acid. Addition of ATP, DPN, CoA, and fumarate leads to the 
oxidation of isocaproic acid to CO. The yield in labeled CO, 
is diminished to 20% or less if CoA is omitted. 
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TaBLe I 
Cofactor requirement 


| From 26-C!4-cho- 
| From lesterol: 
Cofactor cholesterol, 
polar sterols Isocaproic 
CO2 acid 
c.p.m. c.p.m. c.p.m. 
TPNH, DPN*, ATP, CoA, fumarate.) 3830 2390 475 


* Each flask contains 67 wymoles of phosphate buffer, pH 7.4; 
mitochondria (equivalent to 6 g of adrenal cortex); 8 X 10‘ c.p.m. 
of 4-C!4- or 26-C'4-cholesterol, 50 umoles of nicotinamide, and 100 
umoles of MgSO, in a total volume of 10 ml. The cofactors were 
used in the following quantities: ATP, 25 umoles; DPNt, 5umoles; 
fumarate, 25 umoles; and CoA, 5 wmoles. TPNH was generated 
in situ from 10 wmoles of TPN*, 75 wmoles of glucose-6-P and 
glucose-6-P dehydrogenase which will reduce 0.2 umole of TPNt 
per minute at 25°. The “‘polar sterols” include pregnenolone and 
more polar sterols. 


OH 


O OH 
x 

Fic. 1. Four hypothetical schemes for the conversion of 208- 
hydroxycholesterol to pregnenolone. 


TPP, fipoe acid 
DPN, CoA 


To better understand the mechanism of this cleavage of the 
side chain of cholesterol, it would be of value to establish whether 
isocaproic acid is formed directly by the cleavage reaction or in- 
directly via the oxidation of isocaproic aldehyde produced by the 
cleavage reaction. With the use of types of reactions well 
known to biochemists, several reaction schemes can be written 
for this transformation. These are illustrated in Fig. 1. 

The introduction of hydroxyl groups with the aid of TPNH 
and oxygen is well known. The cleavage of a carbon carbon 
double bond to two carbonyl groups has been shown to be the 
principal mechanism for the breakdown of aromatic rings (see 
reference (5)). The third and fourth lines illustrate the cleavage 
of an a-ketol group in manners similar to transketolase and a-keto 
acid oxidases. The last pathway is expected to give isocaproyl- 
CoA which must be hydrolyzed to give free isocaproic acid. 

Experiments with various inhibitors and trapping agents were 
designed to test these four hypothetical pathways. The last 
pathway requires lipoic acid and would be inhibited by arsenite 
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(13). In the first and third pathways, the further oxidation of 
aldehyde may be inhibited by cyanide, semicarbazide, or carrier 
aldehyde. Unfortunately, isocaproic aldehyde was not avail. 
able, so caproic aldehyde was used instead, with the assumption 
that if there is an enzyme oxidizing isocaproic aldehyde, it may 
be not absolutely specific for this aldehyde. As shown in Table 
II, none of these reagents inhibits the cleavage of the cholestero| 
side chain, even though the higher concentrations of cyanide 


TABLE II 
Effect of possible inhibitors* 
From 26-Cu. 
cholesterol: 
C.p.m. \C.P.M. 
A TPNH None 2780 0} 2600 
Cyanide, 5 X 10-‘ 3300 0; 3500 
TPNH, DPN*, None 3830; 2390 475 
ATP, CoA, Cyanide: 
fumarate 10-4 Mm 3470 1430 1630 
5 X 10-4 4550 0 3000 
B TPNH None 3780 0 2150 
Arsenite: 
10-5 4080 2200 
| 2X 4870/0. 2300 
TPNH, DPN*, None 7560, 3170 500 
ATP, CoA, Arsenite, 2 X 10-5 m) 5660, 208 2250 
fumarate | 
C | TPNH None 4500, 0 4000 
Hexanal: | 
10 wmoles 4380 0 3300 
umoles 4480 0 448) 
| Semicarbazide: | 
10-4 u 4230 0 2150 
10-3 5000 0 3280 
10-2 6700 5790 


* The conditions are the same as in Table I. 


TABLE III 
Isocaproic acid formation by soluble extracts* 


y 
Enzyme fraction used 


Isocaproic acid formed 


| 
| 
| 


| C.p.m, 
A | 1,400 
B | 0 
A+B | 22 , 800 


* Acetone powder of adrenal mitochondria (from 80 g of ad- 
renal cortex) was extracted with 0.1 Mm phosphate buffer (pH 7.4) 
and the extract fractionated with ammonium sulfate. The pro- 
tein precipitated between 0 to 50% and 50 to 75% saturation were 
dissolved in small volume of m/150 phosphate buffer and dialyzed 
overnight against 300 volumes of this buffer. These are desig- 
nated Fractions A and B. For the experiments, the amount of 
A and B used corresponds to 1 g of adrenal cortex and contained 
1.2 mg and 0.87 mg of protein, respectively. The reaction mix- 
tures contain 105 c.p.m. of 26-C'4-cholesterol, 2 umoles of TPN’, 
10 umoles of glucose-6-P, and a large excess of glucose-6-P dehy- 
drogenase in a total volume of 2 ml. 
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and arsenite used completely inhibited the oxidation of iso- 
eaproic acid to COz. In the experiments where caproic alde- 
hyde was added, more than half of the added aldehyde was re- 
covered at the end of the experiment. This recovered aldehyde 
contained no radioactivity. The results obtained with these 
inhibitors, with the exception of arsenite, do not rigorously rule 
out the various pathways. However, they are valuable in that 
they may serve as a guide for further experimentation, particu- 
larly for attempts at the chemical synthesis of C™-labeled postu- 
lated intermediates. 

The nature of the polar sterols formed has not been investi- 
gated in detail. In agreement with the work of the Worcester 
group (14), the mitochondria used did not accumulate substantial 
quantities of pregnenolone or progesterone, but rather converted 
them further to the cortical hormones. 

Since this transformation obviously requires the participation 
of several enzymes, attempts were made to solubilize and frac- 
tionate these enzymes. In agreement with the recent report of 
Halkerston et al. (7), we have also obtained soluble extracts from 
an acetone powder of bovine adrenal mitochondria. Acetone 
powder of mitochondria from 80 g of adrenal cortex was extracted 
with 36 ml of phosphate buffer (0.1 m, pH 7.4). The insoluble 
particulate matter was removed by centrifugation for 30 minutes 
at 144,000 x g. As with intact mitochondria, the soluble ex- 
tract catalyzes an efficient cleavage of the side chain of cholesterol 
in the presence of TPNH to give isocaproic acid. Fractionation 


with ammonium sulfate resulted in two fractions which are 


readily soluble in dilute phosphate buffer (m/150, pH 7.4). Both 
fractions are required for the formation of isocaproic acid from 
cholesterol. This is shown in Table III. Further purification 
of these fractions and studies on their role are in progress. 

This soluble preparation behaves similarly to the mitochondria 
in that it requires TPNH for activity and is not affected by the 
addition of various cofactors or inhibitors tested as shown in 
Table II. However, it does differ from the mitochondria in two 
aspects. First, contrary to intact mitochondria, the soluble 
fraction can utilize DPNH as well as TPNH. This difference 
in behavior is probably due to the rapid rate of oxidation of 
DPNH by the intact mitochondria. The second difference be- 
tween these two preparations is the nature of sterol formed. 
Whereas the major products with mitochondria are the polar 
corticosterols, pregnenolone constitutes ovgr. 80% of the product 
formed by the soluble preparation. The rest: consists of approxi- 
mately equal quantities of pregesterone and the polar corticos- 
terols. The identity of pregnenolone and progesterone was 
identified both by paper chromatography and by recrystallization 
with carrier. 


SUMMARY 


1. The cleavage of the side chain of cholesterol by adrenal 
extracts requires only a reduced pyridine nucleotide as cofactor. 
Mitochondria have an absolute requirement for reduced tri- 
phosphopyridine nucleotide whereas soluble preparations can 
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use either reduced triphosphopyridine or diphosphopyridine 
nucleotide. 

(2) The mitochondrial enzymes have been solubilized and 
separated into two fractions, both of which are required for the 
cleavage of cholesterol side chain to form isocaproic acid and 
pregnenolone. 


Addendum—Since the manuscript was accepted, we have syn- 
thesized isocaproic aldehyde and tested this aldehyde as trap- 
ping agent. Using conditions as described under Table IIT, the 
effect of the addition of 10 uwmoles of isocaproic acid, aldehyde, 
or alcohol was investigated. It was found that none of these 
affected the formation of pregnenolone. The acid and the al- 
cohol also had no effect on the formation of isocaproic acid. 
However, the aldehyde, added singly or in combination with the 
alcohol or acid, inhibited the formation of isocaproic acid from 
26-C'4-cholesterol by more than 80% and led to the accumula- 
tion of labeled isocaproic aldehyde. The latter was identified 
by chromatography on alumina and recrystallization of its 2,4- 
dinitrophenylhydrazone prepared after the further addition of 
10 mg. of unlabeled isocaproic aldehyde. The total recovery 
of labeled aldehyde and acid was identical to the recovery of 
labeled isocaproic acid when the incubation was carried out in 
the absence of unlabeled aldehyde. These experiments have 
established the cleavage product as isocaproic aldehyde, and not 
isocaproic acid. 
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Earlier communications (1, 2) have described preparations 
derived from rat liver which are capable of oxidizing the terminal 
methyl groups of the cholesterol side chain to carbon dioxide. 
The requisite enzymes (cholesterol oxidase) are all present in the 
mitochondrial fraction of liver homogenates. Unknown factor(s) 
present in the soluble portion of the homogenate (supernatant 
factor), must be added for optimal activity (3). 

This paper describes modifications of the enzyme preparation 
for the purpose of tracing some intermediate stages in the pro- 
duction of bile acids and carbon dioxide from cholesterol. By 
means of this approach, acetone has been detected as a product 
of cholesterol catabolism. We also report some studies on the 
oxidation of cholesterol biosynthesized from acetate-1-C' thus 
containing C™ in carbon 25 and on further cofactor requirements 
for cholesterol oxidation. A preliminary report of some of these 
findings has already been made (4). 


EXPERIMENTAL PROCEDURE 


Cholesterol-26-C!* was synthesized from norcholest-5-ene-36- 
ol-25-one (2, 5) and purified via the digitonide and by final 
passage through an alumina column. Cholesterol labeled at 
carbon 25 inter alia (cholesterol-25-C™) was prepared biosyn- 
thetically! by incubating sodium acetate-1-C™ with rat liver 
slices (6) and purified similarly. Sodium pyruvate-2-C™ and 
sodium octanoate-1-C™ were obtained from the Radiochemical 
Centre, Amersham, England. 

Preparation of Mitochondria and SF?—Sucrose-washed liver 
mitochondria were isolated from 12- to 15-week-old male Wistar 
rats as described earlier (2). These washed mitochondrial prep- 
arations were then treated by one of the following procedures: 

(a) Salt-extracted by resuspension in 0.15 M potassium chloride, 
followed by centrifugation at 8500 xX g for 10 minutes. The 
supernatant fluid was discarded. The aggregated mitochondria 
were resuspended in the potassium chloride solution and again 


* Supported by grants from the National Heart Institute of 
the National Institutes of Health (H-1532) and the National 
Science Foundation. 

t Present address, Department of Biochemistry, University of 
Oxford, Oxford, England. 

t Participated in this work during the tenure of an Established 
Investigatorship of the American Heart Association. 

1 Kindly prepared for us by Dr. J. L. Rabinowitz, Radioisotope 
Laboratory, Veterans’ Administration Hospital, Philadelphia 4, 
Pennsylvania. 

2? The abbreviations used are: SF, Supernatant factor(s) con- 
tained in the soluble fraction from boiled liver extracts; BAL, 2,3- 
dimercaptopropanol (British Anti-Lewisite). 
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centrifuged. These twice extracted mitochondria were then sus- 
pended in 10% (weight per volume) sucrose and added to the 
final incubation medium. 

(6) Extracted, or “‘lysed,’’ with water, by suspension in dis- 
tilled water at 2° for 30 minutes before addition to the incubation 
medium. 

(c) Treated with a dilute solution of carbon tetrachloride 
(1.6 X 10-2 m) in 10% sucrose solution. After standing for 10 
minutes at 2°, the mitochondria were separated by centrifuga- 
tion (8500 x g for 10 minutes). The mitochondria were resus- 
pended in the aqueous sucrose containing 1.6 * 10-? m carbon 
tetrachloride for a further 10 minutes and reisolated by centrifu- 
gation. They were finally suspended in 10% sucrose and added 
to the incubation medium. 

(d) Directly resuspended in 10% sucrose solution. This prep- 
aration is subsequently referred to as “intact’’? mitochondria. 

The soluble cofactor (SF) was prepared with one major modi- 
fication. Microsomes were removed from the mitochondria-free 
homogenate by further centrifugation at 100,000 x g for 25 
minutes. The particle-free supernatant fluid so obtained was 
then boiled and the precipitated protein removed by low speed 
centrifuation. This clear fluid was used directly as the source 
of the cofactor(s), SF. 

Conduct of Incubations—Incubations were normally carried out 
at 37° with shaking in the presence of 2000 units of penicillin G 
(potassium salt), 1 mg of streptomycin sulfate, 25 mg of ATP 
(disodium salt), 4mg of DPN, 5 mg of AMP, 10 mg of magnesium 
nitrate (hexahydrate) and either 22 mg of trisodium citrate di- 
hydrate (75 umoles) or 75 uwmoles of Tris-Lt-malate. Cholesterol 
emulsions in Tris-HCl] buffer, pH 8.5, were prepared as described 
previously (2). The volume of the final incubation medium was 
12 ml, containing mitochondria derived from 2 g (wet weight) of 
original liver tissue. 

Incubations with sodium pyruvate and sodium octanoate were 
conducted at pH 8.5 in Tris-HCI buffer in the presence of SF, 
the cofactors, and citrate or malate as described previously. 

When production of acetone was to be measured, salt-extracted 
mitochondria were incubated with the appropriate substrates in 
the absence of SF, GSH, and citrate (or malate). Zinc ions 
added as zinc sulfate at a final concentration of 10-4 mM were 
usually added to increase the yield of acetone. The other co- 
factors (Mg++, DPN, ATP, AMP) were added at half the above 
levels and the cholesterol was emulsified in 0.125 m Tris-HCl 
buffer. 

After the incubation period (6 to 18 hours), the carbon dioxide 
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trapped in the alkali of the center wells was precipitated as BaCOs 
and counted in a liquid scintillation counting medium, as pre- 
viously described (1). 

Measurement and Degradation of Acetone and Acetoacetate—Ace- 
tone was isolated from the incubations by steam distillation with- 
out adjustment of the pH (at acid pH values, the steam vola- 
tility of cholesterol is increased). Water (40 ml) and sodium 
acetoacetate (1.5 mg) were added to the incubation mixtures 
before distillation to serve as carriers. The distillates (approxi- 
mately 10 ml) were refluxed for 30 minutes with mercuric sulfate 
in dilute sulfuric acid (Déniges reagent), cooled, and centrifuged. 
Acetone was recovered from the Déniges precipitates (mercury- 
acetone), by dissolving them in 2 ml of 2 n hydrochloric acid and 
water, followed by redistillation. lodoform was prepared from 
these distillates with sodium hypoiodite. The mercury-acetone 
and iodoform precipitates were collected and their radioactivity 
measured in a gas flow counter. 

Attempts to increase the yield of acetone and acetoacetate by 
oxidizing what might be considerable amounts of radioactivity 
in the form of 8-hydroxybutyrate also resulted in some chemical 
degradation of the unmetabolized cholesterol to acetone. Incu- 
bations with boiled enzyme were always used as controls and 
similarly handled. 

Acetoacetate, present in the incubation mixtures, was degraded 
as follows. Respiratory carbon dioxide was removed with a 
stream of alkali-washed air after acidification to pH 4.5 with 
0.25 m succinic acid. Aniline succinate and carrier sodium aceto- 
acetate (3 mg) were then added and the carbon dioxide, liberated 
by the aniline-catalyzed decarboxylation of acetoacetic acid, was 
trapped in sodium hydroxide and precipitated with barium 
chloride. The barium carbonate was counted in a liquid scintil- 
lation counter as described (2). 


RESULTS 


Radioactive carbon dioxide was formed on incubating choles- 
terol-25-C' with suitable fortified rat liver mitochondria. Be- 
cause of a lag phase, somewhat lengthy incubation periods (6 
hours or more) are required for significant yields of carbon diox- 
ide from cholesterol-25-C™ or 26-C'4. There was no production 
of C4O, from either of these substrates when boiled mitochondria 
were used, even when the incubation period was prolonged to 21 
hours. The production of CO, can therefore be ascribed to the 
cholesterol oxidase activity of the liver mitochondria and not to 
bacterial contamination. 

Cholesterol was added to all incubations as a Tween 20 emul- 
sion in Tris buffer. It is of interest that cholesterol solutions, 
prepared by Avigan’s method (7) with fresh human serum, were 
only feebly oxidized. 

The extent of oxidation of cholesterol to carbon dioxide was 
consistently reproduced in parallel incubations. Thus, in one 
experiment, six identical incubations shaken simultaneously for 
14 hours gave yields of radioactive carbon dioxide within the 
range of 5.7 to 6.3% (calculated as BaC'*O;/cholesterol-26-C"). 

Requirement for and Distribution of SF—Optimal oxidation of 
both cholesterol-25-C™ and cholesterol-26-C™ was generally ob- 
tained only when boiled (deproteinized) solutions of the soluble 
particle-free fraction (SF) of a liver homogenate were added to 
incubations with the liver mitochondria. The stimulatory ac- 
tivity of these liver extracts (SF) was retained on storage at —15° 
for periods of up to 4 months, and was partially retained after 
concentration to a syrup at 40° under reduced pressure. Similar 
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activity could be extracted with distilled water from acetone 
powders of rat, chicken, and mouse livers. 

It should be emphasized that the actual enhancement in pro- 
duction of carbon dioxide from cholesterol, observed upon adding 
preparations of SF, varied widely from one mitochondrial prep- 
aration to another. In several instances, addition of this super- 
natant fraction has not stimulated the cholesterol oxidase system 
at all. Boiled extracts of liver mitochondria possessed no en- 
hancing activity. 

This unknown cofactor(s) does not appear to be confined to 
liver tissue. Boiled particle-free extracts of human placenta, 
bovine adrenal cortex, sow ovary, rat testicle, and rat spleen also 
exhibited some stimulatory activity. These tissue extracts had 
little or no stimulatory effect upon the oxidation of sodium py- 
ruvate and sodium octanoate by the same preparations of rat 
liver mitochondria and therefore appear to be concerned prima- 
rily with cholesterol oxidation. Boiled extracts of other rat 
tissues (skeletal muscle, thymus, brain, kidney, blood, small 
and large intestine) and of beef pancreas and adrenal medulla, 
bakers’ yeast and ascitic fluid were either ineffective or inhibited 
cholesterol oxidation by rat liver mitochondria. 

Modified Preparations of Rat Liver Mitochondria—When su- 
crose-washed mitochondria were further treated by one of the 
following procedures: (a) extraction with isotonic KCl; (b) ex- 
posure to a small volume of distilled water; and (c) exposure to 
carbon tetrachloride dissolved in an aqueous sucrose solution, 
the cholesterol oxidase activity was retained. These procedures 
were employed to render more permeable, or disrupt entirely, 
those membranes which enclose the mitochondrial particle. 
Table I details the result of a time study on the relative activities 
of mitochondria subjected to procedures a, b, and c when com- 
pared with an equivalent amount of the original sucrose-washed 
mitochondria. In several such experiments no appreciable loss 
of activity was suffered after these manipulations. 

Attempts to solubilize mitochondria by treatment with sodium 
deoxycholate destroyed the cholesterol oxidase activity. Exten- 
sive extraction of the mitochondria with distilled water also led 
to a great loss of activity, even when the extracted mitochondria 
were recombined with the extracts. 

Inhibitory Action of Boiled Microsomes—We previously de- 
scribed (2) the preparation of SF, the soluble cofactor(s) en- 
hancing cholesterol oxidation. Essentially, this earlier prepara- 
tion was a boiled extract of the liver homogenate remaining after 
removal of the bulk of the mitochondria and all denser particles 


TABLE I 


Cholesterol oxidations by various rat liver mitochondrial 
preparations at different time intervals 
Equivalent amounts of sucrose-washed mitochondria were sub- 
mitted to the procedures described in the experimental section. 
Percentage of radioactivity recovered was computed as BaC'Q,- 
cholesterol-26-C™ taken. 


Radioactivity 
Mitochondrial preparation N 
1 hr | 3 hrs 6 hrs | 18 hrs 
% as COs mg 
0.9 | 2.7 7.7 | 22.4 3.2 
KCl-extracted.............. 0.7 | 4.1) 7.0 | 19.2 2.7 
Water-lysed................ 0.9;'2.9| 8.9 | 22.4 2.9 
CCl,-extracted............. 0.7 | 2.6 | 10.2 | 19.6 4.2 
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by centrifugation. We have since found that boiled extracts of 
the microsomal fraction may severely inhibit the oxidation of 
both cholesterol and sodium pyruvate to COz by liver mitochon- 
dria. Therefore, all preparations of SF are now made by boiling 
essentially particle-free extracts of liver, obtained after centrifu- 
gation of the homogenate at 100,000 x g for 25 minutes. Among 
the metal ions contained in boiled microsomal extracts, we have 
identified calcium ions which are potent inhibitors of mitochon- 
drial oxidation (2). Boiled extracts of the nuclear fraction also 
depressed cholesterol oxidation. 

The microsomal fraction also contains a high proportion of the 
total liver cholesterol (8). Thus, the vield of radioactive CO. 
from labeled cholesterol could be diminished by dilution with 
nonisotopic cholesterol. 

Formation of Acetone from Cholesterol—Distillation at pH 8.5 
of flask contents obtained by incubating cholesterol-26-C™ 
vielded a radioactive steam-volatile product. From the distil- 
lates were prepared a radioactive p-toluenesulfonylhydrazone 
(9) and a radioactive 2,4-dinitrophenylhydrazone. These pos- 


TABLE II 
Factors influencing yield of radioactive acetone 


KCl-extracted liver mitochondria was incubated (without SF) 
for 14 hours with cholesterol-26-C!* (34,000 e.p.m.) or sodium oc- 
tanoate (17,000 c.p.m.). 


| Mercury-acetone-C!4 BaC*O;3 
Addition | From | From 
F F 

| choles- | gctanoate | | octanoate 

| 

| c.p.m c.p.m. 
430 | 2140 
eee | 75 | 1480 | 179 | 1675 
Boiled enzyme................. | 98 10 5 


* Added at conclusion of incubation. 


TaBL_e III 
Distribution of C4 in acetone formed from octanoate-1-C', 
cholesterol-25-C'*, and cholesterol-26-C™% 
KCl-extracted mitochondria was incubated with substrates in 
the absence of SF, GSH, and citrate. 


| Radioactivity of 
Radio- | 
substrat | Mercury- Iodof. s 
acetate’’ 
c.p.m. c.p.m. c.p.m. c.p.m. 
Sodium octanoate 14,500 2,560(36) 14 2,320 
Sodium octanoate 23 , 500 | 2,840 (41) 0 1,920 
Cholesterol-26-C! 37,500 912(232) | 156(10) 28 
Cholesterol-26-C™ 34,100 | 428 (36) 168 (0) 12 
Cholesterol-25-C™’ in C25 6,400 202(47) 0 12 
Cholesterol-25-C in C2; | 5,400 | 132 (14) 0 4 


* Values in parentheses represent radioactivity from work-up 
of parallel incubations with boiled mitochondria. 
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sessed melting points and mobilities identical with those of 
authentic acetone hydrazones after paper ionophoresis in acetate, 
phthalate, and borate buffers over the pH range 3.8 to 9.8) as 
well as paper chromatography in the solvent systems, toluene. 
acetic acid-water (4:4:1 volume for volume) and phenoxyetha- 
nol-heptane (10). 

On refluxion of the distillates with Déniges reagent, radioae. 
tive precipitates of mercury-acetone were isolated, from which 
steam-volatile radioactivity could be recovered by solution jp 
hydrochloric acid (Table II). 

The pH optimum for acetone formation from cholestero| 
appears to be between pH 8.5 and 9.0. Examination of the 
various subcellular liver fractions, singly and in combination, 
revealed that mitochondria alone possessed the requisite enzymes 
for acetone formation from cholesterol. In order to obtain 
significant yields of labeled acetone it was necessary to (a) use 
salt-extracted liver mitochondria (from previously fasted ani- 
mals); (6) supply zine ions to a final concentration of 10-4 x; 
and (c) eliminate addition of the SF preparation as well as GSH. 
Cupric ions (10-4 M) strongly inhibited acetone formation from 
cholesterol. 

Degradation of the acetone by the haloform reaction indicated 
that the methyl groups were labeled only when the acetone was 
derived from cholesterol-26-C'™. Acetone from incubations with 
cholesterol-25-C' (or sodium octanoate-1-C!) was not labeled 
in the methyl groups (Table III). The sodium acetate formed 
in the haloform reaction was radioactive in every instance. 

Inasmuch as cholesterol itself is steam-volatile, it is not sur- 
prising that trace amounts of radioactivity contaminated the 
mercury-acetone precipitate; the haloform reaction yielded no 
radioactive iodoform in this instance. 

After removal of all of the respiratory carbon dioxide, the in- 
cubation products were treated with aniline succinate at pH 4.5, 
to decarboxylate any 6-ketoacids present. The carboxy] carbon 
of acetoacetate was radioactive only when octanoate was em- 
ployed as the substrate (Table III). The small yield of radio- 
active carbon dioxide liberated on aniline treatment from incuba- 
tions with cholesterol-25-C" and cholesterol-26-C'4 may represent 
some fixation of respiratory carbon dioxide into oxalacetate. At 
pH 8.5, these salt-extracted mitochondrial preparations incor- 
porated up to 8% of added bicarbonate-C"™ into the carboxyl 
groups of these 6-ketoacids (oxaloacetate, etc.). 

Role of Citrate and of GSH—Calcium ions inhibi the formation 
of both carbon dioxide (2) and of acetone in vitro from the ter- 
minal isopropyl! group of the cholesterol side chain. These ions 
must be effectively removed from the system in order to retain 
significant cholesterol oxidase activity. This can not be achieved 
consistently with Versene (ethylenediaminetetraacetate), prob- 
ably because of its efficient binding of other (required) metal 
ions. The activating effect of citrate or certain of its metabolic 
precursors (pyruvate, other intermediates of the tricarboxylic 
acid cycle) could not be simply attributed to its ability to bind 
calcium alone, 7.e. a static role. Other agents capable of forming 
complexes of calcium (oxalate, tartrate, mucate, D-gluconate, 
and phytate, as either the sodium or the potassium salts) acti- 
vated cholesterol oxidase to varying degrees but were always less 
effective than equivalent amounts of sodium citrate. With the 
exception of phytate, none of these compounds form strong 
complexes with the common metal activators of enzyme systems 
(transition metals, etc.). 

Alternative activating functions of citrate, or its metabolic 
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precursors, could be to “‘prime’”’ the tricarboxylic acid cycle, to 
facilitate generation of ATP, or both, as well as to favor the 
reduction of pyridine nucleotides, i.e. a dynamic role. It was 
found that L-malate was occasionally a more efficient activator 
of carbon dioxide production from cholesterol than a molar 
equivalent of citrate (Table IV). These observations suggest 
that the activation of the system by citrate may be due to such 


a metabolic role rather than to formation of complexes of calcium 


jons. 

The GSH requirement for cholesterol oxidation (2) is appar- 
ently specific. It could not be replaced by oxidized GSH, nor 
bv other thiols tested (cysteine, cysteamine, ergothioneine, thio- 
glycolic acid, BAL, thiomalic acid, CoA) or their related disul- 
fides. GSH also significantly enhanced the oxidation of sodium 
pyruvate and sodium octanoate to carbon dioxide at pH 8.5. 
In contrast, addition of GSH depressed acetone formation from 
both, cholesterol and sodium octanoate (Table II). GSH, there- 
fore, appears to have no specific effect upon cholesterol oxidation 
per se, but is rather an activator of mitochondrial oxidation in 
general. Zinc ions at a concentration of 10-4 m depressed this 


GSH effect. 


TaBLeE IV 
Activation of cholesterol oxidation by L-malate 


Incubation was with sucrose-washed rat liver mitochondria and 
SF for 15 hours at pH 8.5. Trisodium citrate, 75 uwmoles; Tris-.- 
malate, 75 umoles. 


| C'4O2 produced in 
Addition 
Experiment 1/Experiment 2' Experiment 3 
c.p.m, BaC'40;3 
2,608 3,252 1,077 
Cholesterol-26-C!* input | 
TABLE V 


Effect of TPN and malate on formation of acetone and of carbon 
dioxide from cholesterol and sodium octanoate 
KCl-extracted liver mitochondria were incubated without SF 
for 5 hours with cholesterol-26-C™ (85,000 c.p.m.) or sodium oc- 
tanoate-1-C™ (17,800 c.p.m.). TPN, 2 mg; Tris-Lt-malate, 75 


pmoles. 
Radioactivity 
Mercury-acetone-C'* BaC4O3 
From 
F F F 
c. p.m. c.p.m 
805 | 4,250 | 2,880 | 4,815 
1,395 1,260 | 2,730 | 10,310 
920 | 4,470 | 3,940 | 4,695 
TPN + malate...............| 1,370 | 1,690 3,940 | 11,650 
Boiled mitochondria.......... 320* 64 20 45 


* Due to steam distillation of unmetabolized cholesterol and 
its coprecipitation with carrier acetone. 
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TABLE VI 
Effect of TPN on oxidation of cholesterol and sodium pyruvate 


KCl-extracted rat mitochondria were incubated with SF for 
14 to 18 hours. Additions were: TPN, 2 mg; trisodium citrate, 
75 uwmoles; trisodium isocitrate, 75 wmoles; Tris-t-malate, 75 


umoles. Substrates were cholesterol-26-C'* and sodium pyru- 
vate-2-C'4, Percentage was computed as the increase in BaC¥O; 
upon addition of TPN. 
Increase in formation of C'4O2 
Experiment In presence of 
Cholesterol Pyruvate 
% 
1 Citrate 21 —1* 
2 Citrate 15 —2* 
3 No addition 14 2 
Citrate 26 22 
Isocitrate 29 20 
Malate 25 —11* 
4 Citrate 10 3 
Malate 14 —21* 


* Inhibition actually observed. 


TaBLeE VII 


Effect of some activators of cholesterol oxidation upon 
acetone formation 


KCl-extracted mitochondria were incubated without SF for 16 
hours. TPN, 1 mg; Tris-t-malate, 50 uwmoles; nicotinic acid 
(Tris salt), 10 mg. Fe** (6 XK 105 mM) added as FeSO,-7H20; Fe+++ 
(5 & 10-5 m) added as FeCl;-6H.0O in dilute HCl. 


Mercury-acetone-C'* 
Addition 
Experiment 1 | Experiment 2 
c.p.m 
170 
Boiled mitochondria................. 40 62 
Cholesterol-26-C" input (e.p.m.)......| 34,200 53 , 250 


Effect of TPN and Malate—In the previous paper (2), we re- 
ported some attempts to demonstrate a requirement for TPN or 
TPNH. These experiments failed to show any direct effect of 
TPN or TPNH generators upon cholesterol oxidation by “intact”’ 
mitochondria. In repeating these experiments with KCl-ex- 
tracted mitochondria, from which much of the soluble content 
(nucleotides, etc.) of intact mitochondria had been removed, we 
found that the formation of CO: from cholesterol is indeed stimu- 
lated by the addition of TPN. Tables V and VI show that in 
identical incubations, TPN stimulated cholesterol oxidation to a 
greater extent than was observed in the oxidation of either so- 
dium octanoate or sodium pyruvate. 

The apparent inhibition of pyruvate oxidation which is ob- 
served with TPN in the presence of t-malate (Table VI; see also 
Table VIII), probably indicates the activity of the “malice 
enzyme”’ under our experimental conditions. Pyruvate formed 
by oxidative decarboxylation of the malate under the influence 
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of this TPN-coupled enzyme, could thereby dilute the radio- 
active substrate. Further evidence for the functioning of the 
malic enzyme in these salt-extracted mitochondria at pH 8.5, 
was obtained by direct spectroscopic observation of the TPN 
reduction of added t-malate. 

In five further experiments, each with a different preparation 
of salt-extracted mitochondria, TPN, and malate (quantities as 
in Table V) together increased acetone formation from cholesterol 
by, respectively, 60, 70, 110, 230, and 240%. In each instance, 
acetone formation from sodium octanoate in parallel incubations 
was decreased by the TPN and malate. 

This stimulation of cholesterol oxidation by TPN and malate, 
separately and in combination, together with the activity of the 
malic enzyme suggest that formation of TPNH in situ is prob- 
ably responsible for the activation of cholesterol oxidase by 
TPN and by malate. 

Other Activators of Cholesterol Oxidation—Acetone formation 
from cholesterol was enhanced by ferric ions and by nicotinic 
acid (added as the sodium, potassium, or Tris salts (Table VII). 
Ferrous ions also stimulated cholesterol oxidation and acetone 
formation. In view of the known instability of ferrous ions at 
pH 8.5, these latter effects are probably due to ferric ions formed 
by spontaneous oxidation. Ferric ions in contrast had little or 
no effect upon acetone production from sodium octanoate. 


DISCUSSION 


These studies have shown that Cos as well as Cog and C2; of 
cholesterol can be oxidized in vitro to carbon dioxide. The 
additional finding that labeled acetone can be derived from Cz;, 
Cog, and C2; confirms the notion that cholesterol may be degraded 
by liver mitochondria with a loss of these three carbon atoms. 
The evidence furthermore suggests that the acetone is directly 
produced by cleavage of the Ca-C.; bond rather than by way of 
acetoacetate and subsequent decarboxylation. To invoke the 
latter mechanism, one would have to postulate a fixation of CO. 
on a terminal methyl] group (for which there is no present evi- 
dence) followed by cleavage to yield acetoacetate, or intermediate 
formation of acetyl-CoA with subsequent condensation to aceto- 
acetate. It should be pointed out, however, that whereas cho- 
lesterol-25-C™ yielded carbonyl-labeled acetone, the carboxy] 
group of the acetoacetate derived from the same incubations 
contained essentially no C4. It should be emphasized that these 
same mitochondrial preparations were capable of synthesizing 
acetoacetate from octanoate. 

It is of interest, also, that C2; of cholesterol is converted to the 
carbonyl] carbon of acetone, whereas Ceo. and C27 exclusively label 
the methyl groups of acetone. Such evidence appears to ex- 
clude the formation of acetyl-CoA by B-oxidation of a bishomo- 
cholanic acid (a Ces-carboxylic acid). Such an acid has been 
previously postulated to be an intermediate in the biogenesis of 
cholanic acids (11). Whether this cleavage mechanism repre- 
sents the major or only pathway leading to the formation of bile 
acids is open to some question, particularly in view of the evi- 
dence that trihydroxycoprostanic acid is readily converted to 
cholic acid (11). 

The stimulation by TPN is not surprising in view of its known 
role in the enzymatic hydroxylation of steroids and aromatic 
compounds (12, 13). The marked stimulation observed when 
TPN is supplemented with t-malate is particularly significant 
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inasmuch as it has been ascertained that the “malic enzyme’ jg 
active in these mitochondrial preparations even at the alkaline 
pH employed. It is therefore quite clear that TPNH is gener. 
ated under these conditions, and functions as a cofactor in the 
oxidative transformation of cholesterol to bile acids and carbon 
dioxide. Similar effects of malate and TPN have been described 
for steroid hydroxylation by mitochondria of the adrenal cor. 
tex (14). 

Finally, the distribution of the soluble factor (SF) required 
for cholesterol catabolism suggests a resemblance to the cohy- 
droxylase of Tomkins (15), inasmuch as it is found in those 
tissues which hydroxylate and oxidize steroids. 


SUMMARY 


Rat liver mitochondria are able to oxidize carbon atoms 2), 
26, and 27 of the cholesterol side chain to carbon dioxide. Cho- 
lesterol oxidation is stimulated by reduced triphosphopymdine 
nucleotide, ferric ions, and a soluble cofactor(s) prepared from 
liver, testis, ovaries, adrenal cortex, placenta, and spleen. 

Acetone has been identified among the products of cholestero] 
catabolism. The labeling pattern indicates that the methy] car. 
bons of acetone are derived from the terminal methyls of cho- 
lesterol, whereas C25 of cholesterol is converted to the carbony] 
group of acetone. The implications of this metabolic pathway 
are discussed. 
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The conversion of cholesterol to bile acids by mammalian livers 
requires a number of metabolic transformations. These may be 
classified as those (a) involving hydroxylation and saturation of 
the steroid nucleus and (b) those involved in oxidation of the 
side chain and removal of the terminal isopropyl group. In 
attempts to decide whether the primary step in this conversion 
involves hydroxylation of the nucleus, or degradation of the side 
chain, Bergstrom et al. (1, 2) administered 3a, 7a, 12a-trihydroxy- 
coprostane-4-C' and 38-hydroxy-5-cholenic acid-24-C™ to rats 
with bile fistulas. Isotopically labeled cholic acid was isolated 
from the bile only after administration of the 3a,7a,12a-tri- 
hydroxycoprostane. This finding indicated that nuclear hy- 
droxylation probably precedes metabolic degradation of the side 
chain, in the biogenesis of cholic acid from cholesterol. This 
concept has since been confirmed by other reports (3-8) that 
3a,7a,12a-trihydroxycoprostane and related hydroxylated co- 
prostanes are converted to cholic acid in rats in vo. 

We have studied the oxidation of 3a,7a,12a-trihydroxycopro- 
stane and its 24-keto and 24&-hydroxy derivatives by an enzyme 
system contained in rat liver mitochondria, which oxidizes the 
terminal isopropyl! group of the cholesterol side chain to carbon 
dioxide (9, 10). A preliminary report of some of this work has 
already appeared (11). 


EXPERIMENTAL PROCEDURE 


THC!-26-C4, KTHC-26-C", and HTHC-26-C were synthe- 
sized from cholic acid and isopropanol-1 ,3-C™ (12), purified by 
reversed phase partition chromatography (13), and recrystallized 
to constant specific activity. _Cholesterol-26-C™ was synthesized 
by the method of Dauben and Bradlow (14, 15). 

Mitochondria and soluble fraction from boiled particle-free 
liver extracts were prepared from livers of male Wistar rats, and 
incubations and assay of carbon dioxide-C" and acetone-C were 
carried out as previously described (9, 10). Emulsions of THC, 
KTHC, and HTHC in Tris-HCl buffer, pH 8.5, were made with 
Tween 20 (Atlas Powder Company) in the manner described for 
making cholesterol emulsions (9). 
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Incubations contained mitochondria prepared from 2 g (wet 
weight) of liver tissue. The final volume of each incubation was 
12 ml. An average of 25,000 counts per minute of substrate 
(steroids ~0.1 mg.; sodium pyruvate ~0.025 mg.) at a specific 
activity of 0.1 me per mmole was added to each incubation. 


RESULTS 


All three hydroxycoprostanes were readily oxidized by fortified 
rat liver mitochondria, with the production of carbon dioxide-C™ 
from the terminal methyl groups of the sterol side chain. In 
each instance, the degree of oxidation of these hydroxycopro- 
stanes was greater than the degree of oxidation of added choles- 
terol in the same system. 

Trihydroxycoprostane was more readily metabolized than its 
24-oxy derivatives (Table I). The same order of oxidation 
(THC > KTHC > cholesterol) was observed with preparations 
of mitochondria rendered more permeable by salt extraction and 
lysis in distilled water (10) (Experiment 6 in Table I). The less 
efficient oxidation of the KTHC is therefore probably not due to 
its exclusion from the enzymes of the cholesterol oxidase system, 
by the mitochondrial membranes. All the preparations of radio- 
active KTHC employed were of higher (or at least equal) specific 
activity than the preparations of radioactive THC and HTHC, 
used in these studies. 

Coincubation Studies—When the nonradioactive hydroxycop- 
rostanes were coincubated with “intact” (i.e. sucrose-washed) 
mitochondria and cholesterol-26-C™, there was a significant re- 
duction in the yield of radioactive carbon dioxide. This re- 
duction was greatest when THC was added and least when 
HTHC was added (Table II). The same relative order was 
observed with salt-extracted, CCl-extracted (10) and water- 
lysed preparations of mitochondria. 

Table II also records the results of coincubation of unlabeled 
hydroxycoprostanes with other (radioactive) hydroxycoprostanes 
and with sodium pyruvate. Since pyruvate oxidation was barely 
influenced by the addition of these unlabeled sterols, the pro- 
found “dilution” of cholesterol and HTHC oxidation cannot be 
attributed to a nonspecific inhibition of mitochondrial oxidation. 

Cofactor Requirements—Our earlier studies (9, 10) indicated 
that both TPN and an unknown factor (or factors) present in 
the boiled particle-free supernatant fraction of a liver homoge- 
nate (SF), are required for optimal activity of the cholesterol 
oxidase system. Table III indicates the relative stimulating 
effects upon the oxidation of cholesterol, THC, KTHC, and 
HTHC by salt-extracted mitochondria when the supernatant 
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TABLE 
Comparison of oxidation of THC-26-C'* KTHC-26-C* and 
HTHC-26-C™ with that of cholesterol-26-C** by rat liver 
mitochondria 


Scluble fraction from boiled particle-free liver extracts was 
‘Intact’? mitochondria were sucrose- 
washed mitochondria not subjected to further manipulation. 
Salt-extracted and water-lysed mitochondria were prepared as 


present in all incubations. 


previously described (10). 


Percentage oxidation computed as BaCO,/substrate- 26-Cl4 X 


Catabolism of Cholesterol. 


100. 
| | Oxidation to CO:z with 
Experi- | Period of Mitochondrial | ; i 
ment | incubation preparation —Choles THC. KTHC- HTHC- 
| 26-CH | | 26-Ci4 
| | 
1 | | 0.5; 8.5) 7.2] 1.5 
| | 3.8 30.4 12.6 6.8 
2 | |. ntact 6.1 | 21.3 | 12.9 | 20.8 
|. 6 | 0.4 14.1) 2.1 
Intact 13.2; 50 | 18.3 | 26.2 
| Intact 12.2 42 | 15.8 | 21.2 
| | 8.7 39.4 31.1 
| Water- 7.5 | 24.4 | 22.8 | 
 Salt-extracted 10.7 39.7 31.0° 


TABLE II 
Coincubation of unlabeled hydroxrycoprostanes with rat liver 
mitochondria and THC-26-C'*, KTHC, HTHC, cholesterol- 
26-C'4, and sodium pyruvate-2-C'4 

Soluble fraction from boiled particle-free liver extracts was 
present in all incubations. Unlabeled compound, 100 ug, was 
added per incubation. Each column of figures contains results 
of a separate experiment (with different preparation of mito- 
chondria). 


Reduction in specific activity of BaC'4O3 resulting 
from oxidation of 
Addition 
% % 
THC 0, 27 | 68, 69 | 83, 86, 87, 0, —6* 
| §4 
KTHC | 15, 22 | 40,41 | 68,71,78, 4,0 
| 46 
HTHC 54, 62, 67, 2, 8 
| 38 


* Stimulation of oxidation was observed. 


fraction and TPN (in the presence of soluble fraction) are added. 
Part of the endogenous TPN within the mitochondria had previ- 
ously been extracted with 1.1% (weight per volume) aqueous 
potassium chloride. The Beret of KTHC appeared to be 
almost insensitive to the addition of TPN or of soluble fraction. 
The oxidation of the other substrates, notably HTHC, was in- 
creased by both TPN and soluble fraction. 

ATP, DPN, and GSH were required for optimal oxidation of 
all three hydroxycoprostanes, as well as for the optimal oxidation 
of cholesterol and sodium pyruvate. Elimination of any of these 
cofactors resulted in a marked reduction in the amount of radio- 
active carbon dioxide formed. 
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Whereas the addition of citrate, malate, or serum albumen jg 
necessary to ensure maximal activity of the cholesterol oxidase 
system (9, 10), the oxidation of THC was barely influenced by 
the addition of these reagents (Table 1V). The oxidation of 
KTHC exhibited far less dependence upon these activators than 
did cholesterol oxidation. 

Acetone Formation—Incubation of the THC-26-C™ with salt 
extracted mitochondria under the conditions previously employed 
to obtain acetone from cholesterol (10), yielded acetone labeled 
with the methyl] groups. Acetone formed from cholesterol- 
26-C™ by these same mitochondrial preparations, is similarly 
labeled with C™ in the methyl groups (10). Under the same 
conditions, KTHC-26-C™ gave very little acetone-C'™. It was 
not possible to measure the distribution of the C™ in the smal] 
amounts of radioactive acetone, formed from KTHC. 

Oxidation by Extrahepatic Tissues—Liver homogenates, freed 
of debris, nuclei, and unbroken cells by centrifugation at 600 x 
g for 10 minutes, readily oxidized sodium pyruvate and THC, 
Similar homogenates of rat heart, intestinal mucosa, thymus, 
lung, kidney, brain, and testicles, which were capable of oxidiz- 
ing sodium pyruvate at pH 8.5, all failed to oxidize THC. Spleen 
mitochondria showed some slight activity and oxidized both 
cholesterol and THC. This activity was enhanced by addition 
of soluble faction prepared from either spleen or liver tissue. 


TaBLeE III 
Effect of TPN and of soluble fraction from boiled particle-free liver 
extracts on oxidation of cholesterol-26-C'4, THC-26-C'*, KTHC- 
26-C4, and HTHC-26-C™% by salt-extracted rat liver 
mitochondria 
SF and L-malate (75 wmoles) were present in all incubations 
with TPN. TPN, 2 mg, was added per incubation. Percentage 
increase in oxidation computed as increase in BaCO; resulting 
from addition of TPN. 


| Increase in oxidation with TPN 
Substrate | With SF 

| % % % % 
Cholesterol | Bs | 13 126 
THC | 10 40) 
KTHC 1 17 

TABLE IV 


Effect of trisodium citrate and bovine serum albumen on oxidation 
of cholesterol-26-C'4*, THC-26-C'%, and HTHC by rat liver 
mitochondria 
Additions were: trisodium citrate, 75 wmoles per incubation; 
bovine serum albumen (twice recrystallized, Pentex), 25 mg per 
incubation. Percentage oxidation was computed as BaC™0;/ 
substrate-26-C™ 100. 


Oxidation in presence of 
Substrate 
No addition Citrate Serum albumen 
% % % 
Cholesterol. ............ 0.3 0.45 2.3 
15.0 14.6 15.7 
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DISCUSSION 


These experimental results support the concept that THC 
either is itself, or is closely related to, a metabolic intermediate 
in the oxidation of cholesterol to bile acids by the rat liver. 
Since HTHC and KTHC appear to be less readily oxidized and 
are less potent trapping agents for cholesterol oxidation’ than 
THC itself, it must be assumed that these compounds are not 
directly involved in the metabolic pathway between cholesterol 
and cholic acid. This appears to be consistent with the findings 
in vivo of Shimizu et al. (16). These experiments would not en- 
tirely exclude HTHC as a potential intermediate, if the isomer 
which we synthesized were actually the “unnatural” one. If 
nuclear hydroxylation of cholesterol does indeed precede scission 
of the side chain, then it would appear that the first site of oxi- 
dation of the sterol side chain is not at Ca, although oxidation 
and cleavage of the side chain must subsequently occur at this 
carbon atom (C2) in the formation of hydroxycholanie acids. 

The fact that both KTHC and HTHC are partially oxidized 
suggests the presence of a nonspecific oxidase capable of oxidizing 
the side chain of C27 sterols to carbon dioxide and cholanic acids. 
It has been shown that 4-cholesten-3-one, epicholesterol, 38- 
hydroxycholestane, and 3a-hydroxycoprostane are all degraded 
to “unnatural’’ bile acids in rats in vivo (1, 17, 18), presumably 
by operation of such a nonspecific oxidase. The close relation- 
ship of THC oxidation to cholesterol catabolism and bile acid 
formation is further indicated by the findings that (a) only the 
liver and (to a very much lesser extent) the spleen, of the rat 
tissues studied, are capable of oxidizing the terminal methyl] 
groups of both cholesterol and THC to carbon dioxide, and (6) 
acetone formed by catabolism of THC-26-C™ has the same iso- 
topic labeling as that formed from cholesterol-26-C™. 

Addition of the boiled supernatant fraction stimulates oxida- 
tion of cholesterol to a much greater degree than it does the 
oxidation of THC and KTHC by the same mitochondrial prep- 
arations. TPN alone cannot replace soluble fraction in eliciting 
this effect. These findings would support the conjecture that 
the active component(s) in the soluble fraction is a cohydroxylase 
(10). The oxidation of cholesterol to cholic acid requires the 
introduction of hydroxy] groups in the steroid nucleus at positions 
7 and 12, and in the side chain at one or more of the carbon 
atoms 24 to 27. The oxidation of THC to cholic acid requires 
hydroxylation at the latter position(s) only and might therefore 
be presumed to be less sensitive to limiting amounts of such a 
mitochondrial cohydroxylase. Thermostable factors found in 
the soluble fraction of cell homogenates are required for optimal 
activity of squalene cyclo-oxidase (19) and the mitochondrial 
118-hydroxylating system of the adrenal cortex (20). These 
factors appear to be somewhat similar to the active principle of 
soluble fraction. Should they prove to be identical with one 
another, they could represent various activities of an ubiquitous 
coenzyme for steroid metabolism, functioning as a cohydroxylase. 
The requirement for this presumed cohydroxylase activity of 
soluble fraction may not be restricted exclusively to enzymatic 
hydroxylation of the steroid nucleus, since it is also required for 
optimal oxidation of THC. 

Both squalene cyclo-oxidase and the adrenal 11@-hydroxylase 
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require TPNH and molecular oxygen for the enzymic introduc- 
tion of the hydroxyl groups. TPNH is apparently required for 
optimal oxidation of cholesterol (10). The experiments reported 
here indicate that TPN as well as soluble fraction is required for 
THC oxidation. Table III shows that activation by soluble fac- 
tor and by TPN parallel each other, yet TPN alone does not 
replace the requirement for the soluble fraction. 


SUMMARY 


Rat liver mitochondria readily oxidize 3a ,7a ,12a-trihydroxy- 
coprostane and to a lesser degree, its 24-hydroxy and 24-keto 
derivatives. Coincubation of these compounds with cholesterol 
and with each other, indicates that 3a ,7a@,12a-trihydroxycopro- 
stane is the most nearly related to, if not actually on, the path- 
way of metabolism of cholesterol to form cholic acid. 3a,7a,- 
12a-Trihydroxycoprostane is oxidized only by rat liver and 
spleen. Triphosphopyridine nucleotide and an unknown co- 
factor, presumed to be a cohydroxylase, are required for optimal 
oxidation of 3a,7a,12a-trihydroxycoprostane and its 24-keto de- 
rivative. 
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While attempting to interpret the stimulating action of pyri- 
doxal phosphate on amino acid transport (1-3), we were led to 
investigate whether estradiol disulfate, stilbestrol disulfate, and 
estrone sulfate influenced the same process. The stimulus to 
this test was the observation of Mason and Gullekson (4) that 
these sulfate esters at very low concentrations compete with 
pyridoxal phosphate for the specific coenzyme binding sites on 
phosphorylase and kynurenine transaminase. These three 
sulfates proved to be quite as stimulating as pyridoxal phosphate 
to the concentrative uptake of amino acids by the Ehrlich ascites 
tumor cell (5). We chanced then to try the action of the same 
group of compounds on the newly described mediated uric acid 
transport into the human red blood cell (Overgaard-Hansen and 
Lassen, (6), and were led to the experiments described here. 


EXPERIMENTAL PROCEDURE 


Human blood was collected and defibrinated, and the red cells 
washed three times with whatever medium was to be used. 
Leukocytes purposely were mainly eliminated during this wash- 
ing. This washing medium contained 0.25 mM uric acid (4.2 mg 
per 100 ml) when uric acid was to be used at that concentration. 
All significant findings were observed or checked with freshly 
collected cells. 

In most uptake experiments, 2 ml of medium containing uric 
acid-2-C™ or hypoxanthine-8-C™ (0.25 to 2 mM) or inorganic 
HP#0O,-, were mixed with 3 ml of cells, and the suspension was 
shaken at 22° or 37° in air (or under 5% CO2-95% Oz for bicar- 
bonate-carbonic acid buffers). Samples were taken at intervals. 
These samples were collected in small nitrocellulose tubes which 
were plunged into ice water in a chilled centrifuge tube at the 
selected sampling time, and immediately centrifuged at the full 
speed of the International No. 2 centrifuge (about 2900 r.p.m.) for 
exactly 2 minutes, including acceleration time. Most of the 
supernatant fluid was then removed in one step with a fine 
medicine dropper. When uptake was measured by cell analyses, 
larger volumes of external medium were used, and the cells were 
packed in a tared tube by 10 minutes of centrifugation, and the 
last supernatant fluid removed by capillary uptake on strips of 
filter paper. Duplicate flasks ordinarily showed results differing 
by less than 3%. 

In efflux experiments, the cells were first loaded by incubating 
them in a solution of the labeled solute. After the cells were 
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centrifuged down, the external medium was removed as com- 
pletely as possible. At zero time, 10 or 20 volumes of fresh un. 
labeled medium were added to the cells with vigorous mixing, 
samples of the medium were then reisolated as described above 
after various intervals. For these experiments 1 minute of 


centrifuging was enough to provide a generous sample of clear | 


external medium for analysis. 

All uric acid solutions were prepared immediately before use or 
kept frozen until they were used, and their radioactivity de- 
termined immediately after the experiment. Disintegrations of 
C4, S*, and P® all were counted for 0.1-ml aliquots of the ex- 
ternal medium spread and dried on stainless steel planchets, with 
the use of Geiger-Miiller thin window gas flow counter. Cel- 
lular R® was counted in plated samples of hemolysate diluted to 
an extent to make self-absorption very small. The steroid sul- 
fates, diethy] stilbestrol disulfate, and similar agents were intro- 
duced into the media in the dry state (sometimes by serial 
dilution) just before the experiment. Stilbestrol was added asa 
very small volume of its solution in an excess of NaOH. Free 
steroids were added as minute volumes of alcoholic solutions. 
To eliminate all the uric acid transport that can be eliminated 
by hypoxanthine (the mediated part (6)), hypoxanthine was dis- 
solved in the medium to 2.5mm. Note that this is actually a 
400-to-1 excess over the quantity of uncharged uric acid present 
in a 0.25 mM urate solution at pH 7.0. The uncharged species 
enters the mediated transport (6). Following the lead of Over- 
gaard-Hansen and Lassen, our first experiments were made with 
0.11 mM phosphate buffer pH 7.0, but other media were tested as 
indicated below. All these solutions were 5 mM in K¢* except 
where indicated to the contrary. 

S*5-labeled B-estradiol disulfate was prepared for us here by 
Mr. Lawrence Dean according to the method used by Morren (7) 
for stilbestrol disulfate. 

Inorganic orthophosphate was determined by the method of 
Fiske-SubbaRow (8), with extraction with trichloroacetic acid 
solutions for the cell analysis. Inorganic chloride was deter- 
mined by an ordinary Volhard microtitration, applied directly to 
the external media and to 0.75 N nitric acid extracts of the cells. 

Erythrocyte ghosts were prepared according to the procedure 
of Hoffman (9) by running the cells into 10 volumes of distilled 
water, followed 45 minutes later by enough 5 m NaCl to restore 
tonicity. Upon sedimentation, the ghosts were washed with 4 
phosphate-buffered NaCl solution as directed by Hoffman. The 
extracellular space in sedimented ghosts (about 28%) was de- 
termined by noting the dilution of inulin included in the incuba- 
tion medium. 


i 
t 
( 
tl 
| 76 


January 1961 H.N. Christensen and J. C. Jones 77 


RESULTS 


A Unidirectional Effect on Uric Acid Transport—The lower 
solid line of Fig. 1 shows for a typical experiment the rate of total 
loss of uric acid into 13 volumes of red blood cells from 0.11 m 
phosphate. The upper solid line shows the rate of loss when 2.5 
mm hypoxanthine was present. Purine at 5 mM proved similarly 
inhibitory in each of three experiments. The partition into the 
two types of entry, mediated and unmediated, corresponds in 
general to that described by Overgaard-Hansen and Lassen (6). 
The three lower dotted lines show the stimulation of uric acid 
uptake when estradiol disulfate was included in the media at 
various levels; the three upper dotted lines show that the un- 
mediated component (presumably passive diffusion) is corre- 
spondingly inhibited. In Fig. 2 the mediated transport has been 
calculated as the difference between the number of counts en- 
tering in the absence and presence of hypoxanthine. The con- 
centration-response curves for the stimulation of the mediated 
transport and for the inhibition of the unmediated migration, as 
shown, were typically very similar. 

Under similar conditions these effects were not shared by 
stilbestrol and its disulfate. They were not produced by lauryl 
sulfate, deoxycholate, or taurocholate. 

Fig. 3 shows the influence of estradiol disulfate on the exodus 
of uric acid from the cells. The hypoxanthine-insensitive com- 
ponent is again strongly inhibited. One would expect passive 
diffusion to be affected identically in both directions; however, 
especially during the first 30 minutes, the inhibition of this part 
of the transport appears insufficient to account for the inhibition 
of the total exodus; the estradiol disulfate appears not to have 
stimulated but, if anything, inhibited mediated transport in the 
outward direction, although stimulating it in the inward direc- 
tion. 

The directional character of the stimulating effect on uric acid 
uptake means that uric acid must be accumulated by red blood 
cells in the presence of estradiol disulfate. Even in the absence 
of this steroid, however, an amount enters beyond that which 
would be expected for a diffusion equilibrium. Ignoring the 
Donnan effect, the level in the external medium should not fall 
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Fic. 1. The effect of estradiol disulfate (EDS) on the total and 
the unmediated movement of uric acid into red blood cells. Cells 
(3 ml) were treated at 22° with 2 ml of 0.25 mm uric acid in 
0.11 M phosphate pH7.0. The percentage of the radioactivity re- 
maining in the external solution is recorded. The unmediated 
ee is that occurring in the presence of 2.5 mm hypoxan- 

ne. 
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Fig. 2. Influence of various levels of estradiol disulfate (EDS) 
on the mediated and unmediated uptakes of uric acid by red cells. 
The values plotted are the percentages of increase or decrease in 
the number of radioactive disintegrations caused by uric acid 
taken up by the cells in 30 minutes. The mediated transport has 
been calculated as the difference in uptake in the absence and 
presence of hypoxanthine. 


EDS INIBITION OF URIC ACID EFFLUX 


3000 = e CONTROL 
= Tf TOTAL Se EDS 
BOTH 
3 1000 F 
0 60 120 
MINUTES 


Fig. 3. Effect of estradiol disulfate (EDS) (2 * 10-4 m) on the 
total and unmediated exodus of uric acid from the red blood cell. 
The values show the radioactivity released into 6 volumes of 0.11 
M phosphate, 0.25 mm in unlabeled uric acid, from cells previously 
incubated with uric acid-2-C* at 0.25mm. The curves in descend- 
ing order show the uninhibited exodus, the exodus in the presence 
of estradiol disulfate, in the presence of 2.5 mm hypoxanthine, and 
in the presence of both. The shaded areas accordingly show the 
decrements produced by estradiol disulfate of the total and the 
unmediated transport. 


below about 50% of its initial value, since cellular and extracel- 
lular water were present in almost identical amounts in the above 
uptake experiments. Typically, the uric acid level in the me- 
dium fell to about 45% of its initial value in about 90 minutes. 
Shifting of water does not account for this change. Extracellular 
hypoxanthine, for which no significant Donnan effect may be 
expected at pH 7.0, nearly 2 units below the pK, fell to about 36 
to 38% of its initial level under the same conditions, correspond- 
ing to a level for the cells about 1.7 times that of the external 
medium. We may assume that the two purines are accumulated 
to roughly equal degrees, if we accept a Donnan ratio of about 0.8 
for the predominantly anionic uric acid. When estradiol disul- 
fate was present, higher degrees of accumulation were produced 
for uric acid from 0.11 m phosphate medium. Furthermore, in 
the presence of 0.3 M mannitol, or of mannitol or glycine buffered 
at pH 7.0 by 10 mm phosphate, cellular uric acid reached levels 
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Fie. 4. Uptake of uric acid from 0.27 Mm mannitol buffered to 
pH 7.0 with 10 mm phosphate, 2 mM uric acid, 2.6 mm hypoxan- 
thine being present in the sample illustrated by the top curve. 
A fall to 50% of initial external radioactivity represents a 1:1 dis- 
tribution ratio. 


TABLE I 
Uptake of 8-estradiol disulfate-S** by human red blood cells 
A total of 3 ml of cells + 2'ml of phosphate buffer pH 7.0, 
shaken for 1 hour at 22°. The distribution ratios, estradiol di- 
sulfate per ml of cells to estradiol disulfate per ml of suspend- 
ing fluid, are based on radioactivity counts of the suspending 
phase. 


Estradiol disulfate level Distribution ratio 


M 
10-8 | 0.38 
- 10-4 | 0.62 
5 x 107° | 0.69 


calculated to be 3 to 5 times the concentrations in the external 
solution at a 0.25 mM uric acid level, and 2 times those at a 2 mm 
uric acid level (Fig. 4). Adding estradiol disulfate further in- 
creased accumulation from the glycine medium. 

Source of Unidirectional Effect—Experiments at this point were 
directed toward choosing among three plausible explanations for 
this unidirectional effect of estradiol disulfate on uric acid trans- 
port: 

1. The steroid may act to create binding sites for uric acid 
within the red blood cells. 

2. Because the unidirectional action is obtained only when the 
external orthophosphate concentration is much higher than nor- 
mal, it is possible that estradiol disulfate inhibits the already 
slow entrance of phosphate, thereby increasing the potential dif- 
ference between the internal and external phases arising from the 
tendency of the quickly permeating chloride to leave the cell into 
the chloride-low environment. This potential difference could 
then cause greater uptake of other anions, including urate, by any 
route that is not itself directly impeded by this steroid. 

3. The inward transport of urate may be directly and specifi- 
cally stimulated. 

The uptake of estradiol disulfate-S** itself was measured to 
evaluate the*first possibility. Table I illustrates the results, 
which are much like those we have obtained for Ehrlich ascites 
tumor cells. Enough steroid is fixed by the cells to diminish the 
external level to about 72% of the initial values given in Figs. 1 
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and 2; this uptake could represent entrance into only about 30 to 
40% of the cell water by the steroid. Furthermore, the fixed 
estradiol disulfate cannot be in the cytoplasmic water because it 
is fixed almost instantly and, on dilution, eluted almost instantly, 
In contrast, estradiol disulfate (2 K 10-4 m) by dialysis continues 
to enter a hemolysate (prepared by freezing and thawing) en- 
closed in a cellophane bag for many hours until the S** content of 
the hemolysate has surpassed the value expected for a diffusion 
equilibrium at least 10-fold. Furthermore, when we introduced 
labeled estradiol disulfate into the interior of red cell ghosts by 
including it in the hemolyzing solution, it could be removed only 
slowly from the reconstitued ghosts on repeated washing. For 
example, the second wash contained only 95 ¢.p.m. per ml, whereas 
the ghosts still-contained 8400 ¢.p.m. per ml. Hence, most of 
the estradiol disulfate taken up by the intact cells must be fixed 
superficially. In contrast, the extra uric acid taken up under 
estradiol disulfate stimulation must pass through the slow me- 
diated transport step. Therefore, the steroid fixed and the 
extra uric acid taken up in its presence cannot lie in the same 
compartment. 

Stilbestrol is also believed to be fixed on the cell surface (10) 
although with higher affinity than observed here for estradiol 
disulfate. 

Furthermore, the extra uric acid uptake under favorable con- 
ditions is substantially greater than the amount of estradiol di- 
sulfate fixed. For example, in an environment containing 2 mu 
uric acid and 10-4 M steroid, an extra 0.36 umole of uric acid was 
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Fic. 5. Relationship between the inhibition of the phosphate- 
chloride exchange and the stimulation of the urate uptake by red 
cells suspended in 0.11 mM phosphate. The point at the extreme 
right represents the action of 2 X 10-4 Mm estradiol disulfate on the 
cells washed only once in 0.11 Mm phosphate. During a subsequent 
hour in the same medium at 22°, the cells exchanged 31 m.eq. of 
Cl- for 16 mmoles of phosphate (no estradiol disulfate) or 20.7 
m.eq. of Cl- for 11 mmoles of P (with estradiol disulfate), all ex- 
pressed per kg of cell water. The highest point represents the 
same action on cells washed twice, which exchanged 22 m.eq. of 
Cl- for 13 mmoles of P (no estradiol disulfate) or 15.1 m.eq. of 
Cl- for 9 mmoles of P (with estradiol disulfate). The next point 
to the left represents cells washed three times which exchanged 
10.8 m.eq. of Cl- for 9 mm P (no estradiol disulfate) or 8.4 m.eq. 
of Cl~ for 5mm P (with estradiol disulfate). The remaining three 
points to the left represent results for cells washed once, twice, or 
three times at 0.7 X 10-5 m estradiol disulfate, marginally effective 
in this experiment. Approximate final compositions of the cells 
(no estradiol disulfate) were as follows: washed once and incu- 
bated, Cl-, 40, P, 46; washed twice and incubated, Cl-, 23, P, 57; 
washed three times and incubated, Cl-, 10, P, 60. 


t 
° t 
HYPOXANTHINE 
t 
0 
| 
e 
a 
le 
te 
a 
n 
p 
he 
al 
st 
Sl 
la 
CC 
CO 
ip 
ue 
ev 
fin 
» th 
ac 
tic 


January 1961 


taken up, whereas only 0.12 umole of the steroid was fixed by the 
cells. 

The second possibility is supported, however, by the results 
illustrated in Fig. 5. In this case, red blood cells were washed 
three consecutive times with the 0.11 mM phosphate medium, 
leading to successively higher phosphate and lower chloride levels 
for the cells as the two anions gradually exchanged. The en- 
trance of phosphate is well known to be rate-limiting to this ex- 
change (11). Incubation of portions of the cells for 1 hour in the 
same medium, after each wash, revealed an inhibition by es- 
tradiol disulfate of the phosphate-chloride exchange. Further- 
more, this inhibition became progressively smaller as the ex- 
change became more nearly complete (Fig. 5). In association 
with the inhibition of the phosphate-chloride exchange, an ap- 
proximately equivalent stimulation of the uric acid uptake 
occurred. In separate experiments, cells held for 1 hour in 0.11 
a phosphate failed to show any stimulation of uric a¢id uptake by 
estradiol disulfate. From these results we may conclude that a 
predominant action of estradiol disulfate is to slow phosphate 
entrance, and that this slowing in turn leads to stimulated urate 
accumulation. This inhibitory action on phosphate migration 
in either direction was also seen for the more normal phosphate 
level of the medium of Raker et al. (12) at pH 7.4 and also with 
stilbestrol and its disulfate (Fig. 6) and with 8-estradiol at 10~4 
tol0-®m. A distinct effect was obtained with estradiol disulfate 
at 10-5m levels. These actions on phosphate transport are under 
study. Probably the greater accumulation of uric acid from 
mannitol-phosphate and from glycine-phosphate arises from the 
slower phosphate-chloride exchange resulting from the lower 
phosphate level. 

As a significant contrast, the mannitol-phosphate and glycine- 
phosphate media failed to produce increased hypoxanthine up- 
take, supporting the unresponsiveness of the neutral hypoxan- 
thine molecule to the potential setup by this mode of slowing of 
phosphate entrance in relation to chloride exit. This conclusion, 
however, leaves unexplained the uptake of hypoxanthine to levels 
apparently somewhat higher than the extracellular (Fig. 7). 
Only about 1% of this purine should be anionic at pH 7.0. The 
stimulation of its uptake by estradiol disulfate was unimpres- 
sively small, although obtained repeatedly. A substantially 
larger effect on the mediated component can be calculated if we 
correct for an inhibition by the steroid of the presumably passive 
component observed in the presence of a 25-fold excess of purine. 


DISCUSSION 


A potential difference such as that suggested ought to stimu- 
late the unmediated as well as the mediated entrance of uric 
acid. Presumably the indirect influence on the former com- 
ponent is more than offset by a strong direct inhibition by the 
steroid of this form of migration. This situation reveals, how- 
ever, a singular escape of mediated purine transport from the 
inhibition of the mediated passage seen for the other solutes 
tested, namely, phosphate and glucose (cf. (13)), as well as for 
the unmediated purine migration. 

This escape cannot be attributed to the passage of the uric 
acid in the charged form in mediated transport, because Over- 
gaard-Hansen and Lassen (6) showed that the neutral form, 
present in minor amounts, is the only one entering the media- 
tion. This conclusion is also supported by the present finding 
that the predominantly neutral hypoxanthine enters the cells 40 


times as fast as does uric acid. Besides, only the initial and 
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Fia. 6. Effect of stilbestrol, stilbestrol disulfate (SDS) and 
estradiol disulfate (EDS) on entrance of P;3? into red blood cells. 
The estrogenic derivatives were added at 2 X 10-4 m to 30 volumes 
of the medium of Raker et al. (11), labeled P; = 2 mm, at pH 7.4 
and 37°, and 1 volume of washed cells suspended in this solution. 
The gas phase was 5% CO: and 95% oxygen. The uptake of the 
radioactive P was determined by counting samples of diluted 
hemolysates of the packed cells. 
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Fic. 7. Uptake of hypoxanthine C™ by red blood cells. Ex- 
ternal solution, 1 mm hypoxanthine-8-C"™ in 0.11 m phosphate; 
13 volumes of cells added. The uptake, much faster at 22° than 
that of uric acid, is largely prevented at ice temperature, and 
substantially inhibited by a 25:1 excess of purine, indicating an 
at least partially mediated nature. 


final states of charge should influence the movement of a particle 
in response to a potential difference between two phases. 

It is also curious that stilbestrol and its disulfate do not share 
the stimulating influence on uric acid uptake, and that a 30% 
slowing of phosphate migration by estradiol disulfate should in- 
crease urate uptake so much, considering that phosphate migra- 
tion is already roughly three orders of magnitude slower than 
chloride migration. The finding that hypoxanthine also ac- 
cumulates to a slightly greater extent in the cells when estradiol 
disulfate is present leads to the suspicion that the indirect effect 
by way of slowed phosphate migration accounts only partially 
for the total stimulation of mediated uric acid uptake. 

In this connection, the steroid sulfates are known to be able 
to stimulate transport, as shown by the strong intensifying of 
the concentration of neutral amino acids into the Ehrlich cell 
(5). No uptake of uric acid by this cell, however, could be de- 
tected. The slowing of both glucose and phosphate entrance by 
stilbestrol and related substances is not taken to support the 
long held phosphorylation theory of glucose transport; instead, 
we emphasize the multiplicity of steroid actions on membrane 
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transport as supporting a participation by the membrane matrix 
in transport and perhaps raising doubts that transport is pro- 
duced by a variety of free shuttling carriers. These ideas have 
been tentatively considered elsewhere (14, 15). 


SUMMARY 


1. Estradiol disulfate stimulates the mediated uptake of labeled 
uric acid by erythrocytes from 0.11 M phosphate; at the same 
concentrations it inhibits the wnmediated entrance of uric acid. 
The exodus of uric acid is inhibited. Consequently, uric acid 
reaches an apparent level inside the cells higher than the outside 
level. Accumulation is intensified when a major part of the 
phosphate is replaced by mannitol or glycine. 

2. The action of estradiol disulfate does not arise from the for- 
mation of a complex between the steroid and uric acid within 
the cell, since it can be shown that most of the estradiol disulfate 
is fixed superficially on the erythrocytes. 

3. This action probably arises from a slowing of inorganic phos- 
phate entrance in exchange for chloride, since it disappears as 
the phosphate-chloride exchange is completed. 

4. Unexplained aspects are the special predilection of the medi- 
ated uric acid uptake to be accelerated under the above condi- 
tions, the failure of other estrogens which slow the phosphate 
uptake also to stimulate uric acid uptake, and the accumulation 
of the neutral hypoxanthine molecule by the erythrocyte. 


Estrogen Action on Red Cell Transports 
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Exact data of molecular weight, form, and shape can be ob- 
tained only from proteins which have been prepared in a pure 
and homogeneous state (see Waugh (1), Lundgren and Williams 
(2), and others). However, it is possible to obtain useful in- 
formation about proteins that show complexity by comparing 
carefully the results of several physicochemical measurements. 
The investigation of the soluble lens protein a-crystallin gives 
an example of this comparative method.. 

a-Crystallin is highly organ-specific and can thus be used with 
advantage in immunobiological investigations of problems of 
induction and differentiation (see Woerdeman et al. (3, 4) and 
de Vincentiis (5)). It is probable that the investigation of the 
chemical structure and the physical behavior of the lens pro- 
teins would provide a better understanding of some problems of 
proteinogenesis in correlation with the morphogenesis of the 
organism (6). 


EXPERIMENTAL PROCEDURE 


The preparation of fairly pure a-crystallin is rather easy and 
can be effected without the specific equipment of a specialized 
laboratory. Extracts of the eye lens of vertebrates with diluted 
buffer solutions at a pH above 7.0 are opalescent solutions which 
contain soluble and insoluble proteins. The periphery of the 
eye lens disperses easily, whereas the nucleus of the adult lens 
has to be crushed in a mortar. The nucleus contains insoluble 
protein aggregates of the peripheral soluble proteins (7). To 
obtain the soluble proteins, only the periphery has to be ex- 
tracted. This can be done simply, by stirring slowly for a few 
minutes with an aqueous solvent, approximately pH 8, at a 
temperature between 0 and 4°. 

The main soluble proteins of the peripheral lens extract can 
be separated by making use of the different solubility of the 
protein components in concentrated salt solutions, by using the 
great differences in electrophoretic mobility, by wultracentrifugal 
sedimentation, and by isoelectric precipitation. 


RESULTS 


Analysis of Peripheral Extract—Analysis of the electrophoretic 
and sedimentation patterns of peripheral extracts of adult lens 


* The present investigations have been carried out under the 
auspices of the Netherlands Foundation for Chemical Research 
(S.O.N.) and with financial aid from the Netherlands Organization 
for the Advancement of Pure Research (Z.W.O.). The ultracen- 
trifuge and the electrophoresis experiments have been carried out 
in the laboratory for Chemical Embryology of the University of 
Amsterdam. 

t Present address, Laboratory for Biochemistry of the Munici- 
pal University, Roetersstraat 1, Amsterdam, Holland. 
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does not at first glance give corresponding results, as is shown 
in Figs. 1A and 1B. Electrophoresis according to Tiselius or in 
solid carriers (e.g. paper, agar, starch) displays two clearly visible 
boundaries.! 

From these observations one might conclude that the periph- 
eral extract contains, for the most part, two protein components 
(in Fig. 1A marked @ and 8). Sedimentation in a high centrif- 
ugal field, however, results in the formation of three clearly 
visible boundaries (in Fig. 1B designated by A, B, and C). 
From this one might conclude that the peripheral extract con- 
tains three main protein components. 

Acidifying the extract with acetic acid to pH 5.0 precipitates 
a whitish substance which, after washing and redissolving in 
weak alkaline buffers, gives a clear solution. Electrophoresis of 
this solution shows only one boundary (Fig. 24) at different pH 
values, varying from pH 3.0 to pH 10.0, with isoelectric point 
pH 5.0, whereas sedimentation produces two boundaries (Fig. 
2B). The sedimentation constants are of the order of 15 and 
7.5 8. The remaining solution, after precipitation at pH 5.0, 
forms only one complex when examined by electrophoresis (Fig. 
3) and by sedimentation in the ultracentrifuge. The sedimenta- 
tion constant of this protein complex is of the order of 3S 
(boundary C in Fig. 1B). 

a- and B-Crystallin—It thus appears that the isoelectric pre- 
cipitate formed from the extract of the eye lens at pH 5.0 com- 
prises two components (A and B) which give rise to the forma- 
tion of two boundaries in the ultracentrifuge and only one 
boundary with electrophoresis. Furthermore, the eye lens ex- 
tract contains a complex component (C) which does not precipi- 
tate at pH 5.0 and which gives only one boundary with both 
methods. This component has an isoelectric point of pH 6.1 
(estimated with electrophoresis at different pH, buffer solution 
0.1 m NaOAe and 0.2 m Glycin). 

The precipitate at pH 5.0 is called a-crystallin; the protein 
complex which remains in solution is called ‘‘8-crystallin.”” The 
amino acid composition of a- and 8-crystallin has been estimated 


_ by several investigators. The N-terminal amino acids of a- 


crystallin were determined by means of the dinitrofluoroben- 
zene (DNFB) method, and the total amino acid content 
after hydrolyses by their dinitrophenyl-derivatives (Bloemendal 
(8)). The absorption spectrum in the ultraviolet of a-crystallin 
has been measured by the present author (9). According to 
these analytical data, the composition of a-crystallin may be 
considered practically independent of the method of preparation. 

Chemically the two fractions with isoelectric points pH 5.0 
and pH 6.1 behave differently toward sodium nitroprussiate: 


1 With a trace of a slower moving third component. 
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Fia. 1B. 


Fic. 1. A: Electrophoresis diagram of peripheral eye lens ex- 
tract of the cow. Ascending boundary. Conditions: 0.1 mM 
NaOAc, 0.05 m Glycin, pH 7.8 (NaOH), 5 volts per cm, 4°. B: 
Sedimentation diagram of peripheral eye lens extract of the cow. 
Conditions: 50, 100 r.p.m., 3180 seconds, 15° angle, 2.5% concen- 
tration, same buffer. 


a-crystallin gives a negative reaction, B-crystallin a strongly 
positive one. This means that 8-crystallin contains free SH 
groups, whereas a-crystallin does not.? 

Subunits of a-Crystallin—According to the sedimentation 
analysis, a-crystallin seems to be binary (aa and ag), but it 
behaves (quasi-) homogeneously in electrophoresis. Sedimenta- 
tion measurements prove that the concentration ratio in which 
the two subunits occur in the a-crystallin fraction is far from 
being constant. On the contrary, this ratio differs considerably 
in different preparations. a@-Crystallin might consist of two 
different proteins with equal mobility and the same isoelectric 
point, but in this case it is improbable that the coupled compo- 
nents could be easily separated by a centrifugal field but not by 
an electric field, nor by dissolving the isoelectric precipitates by 
making use of the very radical influence of ions in the buffer 
solution which force the precipitated particles to dissolve. As- 


2 Method: 100 mg sodium nitroprussiate is dissolved in 0.5 ml 
water; one drop of 25% ammonia is added. On a porcelain disk 
one drop of this solution is brought in contact with a drop of the 
protein solution. §8-crystallin gives a reddish color; a-crystallin 
does not. 
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Fia. 2B. 


Fic. 2. A: Electrophoresis diagram of isoelectrically precipi- 
tated a-crystallin. Conditions: 5 volts per cm, 40 minutes, 8.0°, 
0.1 m NaOAc, 0.05 m Glycin, pH 7.8 (NaOH). B: Sedimentation 
diagram of the same preparation. Conditions: 50,000 r.p.m., 
1500 seconds, 17°, 15° angle, 1.1% concentration. 


suming, however, that the two subunits are derived from the 
same protein, many experimental facts can easily be explained. 
In my earlier publications on this subject (10) native a-crys- 
tallin was assumed to have a molecular form which gives the fast 
moving boundary with a sedimentation constant of the order of 
Soo = 15. The extraction of this native protein, as it occurs in 
the lens periphery, should cause partial transmutation into 
particles with a sedimentation constant of the order of se = 7.5. 
This must be considered as the first step towards denaturation 
(Fig. 2B).2. An argument for this assumption is the following. 
The precipitate at pH 5.0 can be dissolved by acidifying to pH 
2.5. <A clear solution results which gives in the ultracentrifuge 
a diagram with one boundary with a low sedimentation constant 
(about 1S). The same occurs by acidifying an alkaline solution 
of a-crystallin. This means that both the subunits dissociate 
into only one component. This component shows typical pro- 
tein properties and serologically appears to be identical with 
a-crystallin.4 It is thus proved that the antigenically active 
group must be present in both subunits, and therefore, strong 
support is lent to the assumption that the two components, aa 
and ap, are subunits of the same protein. By continuing the 
sedimentation until the a, component is fully precipitated and 
decanting the supernatant liquid, one can separate, more or less 
quantitatively, the two components. A successful result is ob- 
tained only if the diffusion rate is very low; therefore, the sedi- 
mentation must be carried out at a low temperature (0°). 


3 It is also possible, however, that already in the lens periphery, 
the a-crystallin occurs in the two subunits. 

‘Positive precipitin reaction with rabbit antiserum against 
bovine a-crystallin; for technical details see ten Cate, et al. (4). 
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op Fic. 5. Sedimentation diagram of a-crystallin with aggregated 
 @B-unit. Twice precipitated isoelectrically, redissolved in 0.1 m 
Fic. 3. Paper-electrophoresis of a 3% solution of ‘‘s-crystallin’” NaQAc, 0.05 m Glycin, pH 7.1; 1.4%, 47760 r.p.m., 2820 seconds, 
of the bovine eye lens. Conditions: pH 7.8, 0.1 m NaOAc, 0.05 m 12.1°, 45° angle. 
Glycin, Whatman No. 1 filter paper, 5 hours, 5 volts per cm, 
6250 A-diagram, log 1/T distance from origin. 
A 
A 
B 
>cipi- 
8.0°, B 
ation 
p.m., 
Fic. 6. Sedimentation diagram of once (A) and twice (B) pre- 
cipitated a-crystallin. Conditions: 4200 r.p.m., 1500 seconds, 45° 
tis angle, 1.2% concentration. A, 21.1°; B, 20.0°. Buffer: 0.1 m 
1 the Fic. 4. Sedimentation diagrams of a-crystallin after sedimen- NaOAc, 0.05 m Glycin, pH 7.8. 
ined. tation of the fast moving component. A: Supernatant fluid, con- 
ervs- taining only the slow moving fraction of the protein. B: Diagram or : . Sans : 
fast of the dissolved sediment. Both 47760 r.p.m., 600 seconds, 30° 
angle, about 20°. Buffer: 0.1 am NaOAc, 0.05 m Glycin, pH 7.8. ota yt acetic ack? Unt! 
er of is reached and redissolving this precipitate at pH 7.8, the sedi- 
irs mentation pattern changes remarkably: the concentration of the 
into When redissolved, the sediment yields a clear solution, which fast component is lower, that of the other component is increased 
78. gives two boundaries in the ultracentrifuge with about the same (figs. 6A and 6B). This is another argument for our assump- 
ation relative concentrations as the original solution. The superna- gion. 
ving. tant solution, however, shows a sedimentation diagram in which 
pH the as-component has almost entirely disappeared (Figs. 44 and 
ifuge 4B). One might expect that the concentration of the fast sedi- Boundarves in P ertpher al Extract—It 1s possible that the exist- 
stant menting a4-component would be very much greater than that of ence of two boundaries in the ultracentrifuge is due to the fact 
ation the slow moving ag-component. This is not the case, however, that the two components differ in shape but not in molecular weight. 
ciate and consequently, this experiment provides an argument for the The fast moving boundary corresponds, in this case, to the glob- 
pro- assumption that the aa-component changes into the ag-compo- ular a-crystallin particles, the slow moving boundary to the 
with nent during re-solution. Continuation of the sedimentation stretched particles which are formed as a result of the breaking 
ctive brings to light yet another fact: the as-component aggregates Of noncovalent bonds which keep the tertiary structure of the 
rong very easily. This points to a remarkable unfolding of the ag- globular particle intact. The very low opalescence of freshly 
5, OA particles. The same phenomenon occurs after all prolonged Prepared peripheral a-crystallin solutions, the solubility of the 
y the operations, such as dialysis, ete. In those cases in which one protein, and the “Gaussian” form of the Philpot curve of the 
and main boundary appears, it is practically always the aa-compo- a-Subunit during sedimentation make it probable that the 
‘less ‘nent, the ap-boundary having disappeared in a multitude of a-particle is the native form of a-crystallin. This could be 
s ob- ' aggregation peaks’ (Fig. 5). The fact that the nucleus of the proved only if it were possible to investigate solutions which iq 
adi. lens of adult mammalia (cow, older than 5 years) contains a- contain only the a-unit in a very pure state. Also the critical : 
crystallin, which is practically insoluble in neutral and weak _ tests on the frictional coefficient could be achieved only if it were ; 
alkaline solvents, shows that the deterioration starts in the possible to separate the two units quantitatively. 
hery, living lens, leading to denaturation and aggregation. Diffusion Constants of Particles—According to the formula 
ainst * By adding urea, etc.; however, the native component (the M= — 
4). aa-unit) seems to be attacked. D(l — Vp) 
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in which S = sedimentation constant, D = diffusion constant, 
V = the partial specific volume of the solute, and p = the specific 
weight of the solvent, the molecular weight being constant, the 
sedimentation constant S is directly proportional to the diffusion 
constant D. Corey and Pauling (11) claim that the stretching 
of globular proteins may produce an axial ratio of 20, which means 
that a globular particle with a radius 7 obtains a length of about 
12r to a diameter of about 0.6r. According to Herzog, Illig, and 
Kudar (12), the diffusion constant of such a stretched particle is 
about half that of the corresponding globular particle. There- 
fore, a solution which contains globular and stretched particles 
of the same molecular weight may give in the ultracentrifuge two 
boundaries with sedimentation constants in the ratio of 1 to 2. 
This is indeed the case, as we have seen before. The dependence 
of shape of the electrophoretic mobility is much less pronounced, 
so it seems quite possible that the globular and the stretched 
units have essentially the same mobility (see also (13)). Bloe- 
mendal claimed that he succeeded in separating the subunits 
quantitatively by starch electrophoresis. In that case it should 
be possible to measure the diffusion constants exactly. There 
exists in each case a pronounced difference in diffusion which 
can be observed during the sedimentation in the ultracentrifuge. 
The slower unit has a much smaller diffusion rate than the fast 
moving unit. All observations, therefore, demonstrate the pos- 
sibility that our last assumption is correct. 

a-Crystallin exists in solution (with a pH ranging from 3.5 to 
9.5) in two subunits, differing only in shape, a more or less globu- 
lar unit and a stretched unit. The solubility of the unfolded 
form is nearly the same as that of the globular form; the serologi- 
eal specificity and the absorption in the ultraviolet do not show 
remarkable differences. If the aim is to study the covalent 
chemical structure of a-crystallin, there is no need to begin by 
isolating the globular form. For the purpose of investigating 
the “architecture” of the native globular protein in the sense of 
Corey and Pauling, however, this has to be done first of all. 
But at the moment there seems to be no means of obtaining the 
subunits free from each other in a pure state. The ultracentrif- 
ugal analysis shows that a part of the molecules always exists in 
a stretched and even aggregated state (see also Wood et al. (14)). 

Purification of a-Crystallin—At the isoelectric point the solu- 
bility of a-crystallin is low. This simple method of preparing 
a-crystallin is by far the best means of purification without caus- 
ing serious damage to the a-crystallin molecule. 

The precipitation has to be done by acidifying a weak alkaline 
solution with acetic acid (0.1 N), and the buffer solutions used 
should consist of univalent salts and should have an ionic 
strength of about 0.1 uw. The addition of glycine retards the 
aggregation of the unfolded particles. 

In physicochemical experiments no trace of other components 
can be found in a-crystallin prepared in this way. Ultracen- 
trifugal analysis shows the absence of other proteins and other 
components with molecular weights higher than 10,000, with an 
accuracy of about 99%. Light scattering analysis shows the 
absence of insoluble components with still greater accuracy, and 
free electrophoresis shows the absence of migrating, foreign 
components with an accuracy of about 98% (microelectrophoresis 
with Philpot-Svensson optic). 

It may thus be established by these criteria that the twice 
precipitated a-crystallin from the periphery of the lens of adult 
mammalians has a purity of at least 98%. 
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In this publication we have considered only a-crystallin of the 
eye lens of adult mammals. Investigations of the properties of 
a-crystallin prepared from the eye lens of embryos and of post- 
natal organisms are in progress (6, 15). It would seem that the 
physicochemical “development” of the protein a-crystallin corre- 
lates with the biological development of the organism. Native 
a-crystallin of the calf shows pronounced asymmetry (see also 
Resnik (16)); that of the adult cow seems to be globular in shape. 

Conclustons—The probability that the complex soluble eye lens 
protein a-crystallin consists of two subunits with equal molecular 
weight, differing in shape only, has been demonstrated. Con. 
cerning the problem of homogeneity or complexity of proteins 
the following general conclusions can be drawn: Ezistence of 
more than one boundary and complexity of the boundaries themselves 
provides no certainty concerning the presence of different proteins in 
a solution. One single soluble protein may form unfolded units 
which aggregate easily. In general, these units and aggregations 
have different diffusion velocities and different sedimentation 
constants. 

Another proof of homogeneity can be obtained with the sero- 
logical Ouchterlony technique. Here the same problem arises, 
for the diffusion in agar of different units and aggregates of the 
same protein results in the formation of several precipitation 
zones. Hence, one single protein may form quite complex pat- 
terns, also with this technique. It is thus very difficult to reach 
a definite conclusion. In any case, it is dangerous to reach a 
conclusion about the existence of different proteins in a solution 
if only one method is applied. Several publications show that 
this does not receive sufficient consideration. See, for example, 
Frangois and Rabaey (17) in which the authors’ deductions con- 
cerning the presence of not less than eight different proteins in 
mammalian eye lens extracts are based merely on some electro- 
phoretic and serological investigations. 


SUMMARY 


The probability that the complex soluble eye lens _ protein 
a-crystallin consists of two subunits with equal molecular weight, 
differing in shape, is demonstrated by ultracentrifugal and elec- 
trophoretic data. 
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As early as 1890, Ewald (1) showed that extracts of pancreas 
were able to dissolve the elastic fibers of connective tissue. In 
1950, Balo and Banga (2) described the properties of a purified 
enzyme obtained from defatted pancreatic powder, distinct from 
trypsin and chymotrypsin, and capable of dissolving elastic 
fibers either in tissues or in test tubes. Lewis, Williams, and 
Brink (3) have since obtained this enzyme in a very active form 
and assigned to it a molecular weight of 25,000. It is a proteo- 
lytic enzyme which releases approximately 130 moles of N- 
terminal residues per 100,000 g of substrate, when it acts on 
elastin (4). 

So far elastase has not been obtained in a pure form. Products 
of a high degree of activity have been shown to be paucidisperse 
by chromatographic analysis (5) or electrophoresis (6). A con- 
siderable amount of proteolytic activity toward various proteins, 
such as casein and hemoglobin, accompanies the elastolytic 
enzyme (7), and opinions are divided as to whether the enzyme 
activity belongs to one or several proteins (8, 9). : 

Some of the divergent opinions expressed in the literature 
seem to be due to the variety of assays employed to titrate 
elastase. This paper will describe three assays. One is based 
upon the amount of elastin which is solubilized by the enzyme; 
the two others measure the appearance of free amino groups 
attending the breakage of peptide bonds in the substrate. Some 
of the properties of the enzyme will be studied with the aid of 
these assays. By the use of a chromatographic procedure, it will 
be demonstrated that elastase can be divided into two active 
elastolytic fractions, one of which contains most of the non- 
specific proteolytic activity and another which is poor in that 
activity. 


EXPERIMENTAL PROCEDURES 


Methods 


Protein Determination—Dry weights were estimated after 
drying the protein solutions in an air oven at 105° for 24 hours. 
Corrections for salts, if necessary, were applied after drying 
identical volumes of the same buffer for the same length of time. 

Protein nitrogen was measured by a modification of the 
Kjeldahl technique (10). For protein determination and for 
measuring the amounts of dissolved elastin after elastase action, 
the phenol-biuret reagent of Lowry et al. (11) was used. Freshly 
prepared reagents were checked by establishing a standard 


* This investigation was supported by Research Grant H-2975 
from the National Institutes of Health, United States Public 
Health Service. 


curve with crystalline bovine albumin. Over a period of more 
than 1 year, this standard curve was reproducible within 5%, 
for concentrations of albumin up to 250 wg per sample. 

The protein content of the chromatographic fractions was 
determined by ultraviolet adsorption at 280 my, assuming a 
specific extinction coefficient E}’6,, = 11 (3). 

Carbohydrates—Carbohydrates were estimated by the anthrone 
reaction (12). The results are expressed in milligrams of glucose, 
which was used to calibrate the color reaction. 

Hydroxyproline—The technique of Neuman and Logan (13), 
as modified by Martin and Axelrod (14), was used to determine 
hydroxyproline. 

Proteolytic Activity—The casein digestion method of Kunitz 
(15) was used. Trypsin and chymotrypsin were measured 
separately with use of the synthetic substrates benzoy]-L-arginine 
methyl ester and acetyl-L-tvrosine ethyl ester, respectively. 
The extent of hydrolysis was estimated by ultraviolet absorption 
according to the method of Schwert and Takenaka (16). 

In all cases the assays were calibrated with commercial crystal- 
line products. The hydrolysis of benzoyl-L-arginine methyl 
ester by trypsin followed a zero order course. Although hydrol- 
vsis of acetyl-L-tyrosine ethyl ester was first order with crystal- 
line chymotrypsin, the reaction was zero order with impure 
elastase fractions. Therefore, in all cases the slope at the origin 
of the kinetic curve, computed by least square, was used for 
estimating the units of enzyme present in the reaction mixture. 

Chromatography—Each experiment was conducted in_ the 
manner described by Hirs, Moore, and Stein (17) for chroma- 
tography on Amberlite IRC-50. Phosphate buffer 0.18 m, pH 
6.05, was used. The column was 5 em in diameter and 27 em 
in length. The rate of elution was one 5-ml fraction per hour. 
Each fraction was assayed for its protein content, its elastolytic 
activity, and its proteolytic activity toward casein. 

Free Amino Group Titrations—A pH-stat (Radiometer, Copen- 
hagen) with a recorder was used for the titrimetric assay. The 
temperature of the reaction mixture was maintained at 37°. 
Nitrogen washed through dilute solutions of NaOH, and H:S0, 
was bubbled through the reaction mixture. With the rate of 
nitrogen flow used and with a granular substrate, no objec- 
tionable foaming was encountered during the first 10 minutes 
of the reaction. | 

Chemical Determination of Free Amino Groups—The ninhydrin 
procedure of Rosen (18) was used. 


Materials 
Chemicals of the highest purity, when available, were used 
for the preparation of buffers. 
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TABLE I 


Comparison of elastin prepared by NaOH treatment with elastin 
prepared by repeated autoclaving 


Properties NaOH-treated elastin Autoclaved elastin 


5.0 
5.37 g adsorbed by 
100 g elastin 
A shoulder at 270 


6.5 

5.40 g adsorbed by 
100 g elastin* 

A shoulder at 275 mu 


Diameter 
Water adsorption 


Ultravioet absorp- 


tion my in alkaline so- in alkaline solu- 
lution tion 

Nitrogen 16.8% 17.3% (ash-free) 
Sugar 0.11% 0.17% 
Hydroxyproline 1.3% 1.6% 
Susceptibility to 

trypsin 
Susceptibility to 

chymotrypsin 
Stainability by or- + 

cein 


* This value, taken from a paper by Green (23), was obtained 
on repeatedly boiled ligamentum nuchae, dried at 105°. 


Tris(hydroxymethyl)aminomethane (primary standard) was 
purchased from the Sigma Chemical Company. 

Crystalline chymotrypsin (3x), salt free, lot No. 2949; crystal- 
line trypsin (2X), salt-free, lot No. 2510; and crystalline trypsin 
(2x), 50% magnesium sulfate, lot No. 4325, were obtained from 
the Mann Research Laboratories, Inc. 

The synthetic peptides (acetyl-L-tyrosine ethyl ester and 
benzoyl-L-arginine methyl ester) were chromatographically pure 
products, purchased from the Mann Research Laboratories. 

Elastase—Two different products were used in these experi- 
ments. One sample was a purified preparation kindly given to 
us by Dr. T. B. Rosenthal. It was prepared originally by the 
Merck Chemical Company and at the time of use had a specific 
activity close to 15 El.U. per mg.!' One EI.U. is defined here as 
that amount of the enzyme which hydrolyzes 1 mg of elastin in 
2 minutes at 37° in Tris buffer 0.08 m, pH 8.6. The other 
eastase sample was a product purified through the euglobulin 
stage by the method of Lewis et al. (3) with the following modifi- 
cations. The source of the enzyme was defatted pancreatic 
powder obtained from Viobin Laboratories. Tris-maleic buffer 
0.06 M, pH 6.3, was substituted for carbonate buffer because of 
the enzyme’s greater stability in a slightly acidic medium. The 
final product containing 10 to 15 El.U. per mg. was stored at 
-20° in the Tris-maleic buffer. The greater activity of the 
lewis et al. fraction may be attributable to the different condi- 
tions of the assays and to the lesser solubility of the starting 
material, resulting in a 20-fold purification at the initial extrac- 
tion. 

Elastin—Elastin, derived from ligamentum nuchae, was pre- 
pared by the method of Lansing, Rosenthal, Alex, and Dempsey 
9). In Table I are exhibited some chemical and physical 
tharacteristics of this elastin which are compared with similar 
values obtained by Partridge, Davis, and Adair (20) with 
thstin freed from collagen by repeated autoclaving instead of 
ikaline hydrolysis. The value given in Table I for water ad- 
wrption represents the constant V,, in the equation proposed by 


'The abbreviations used are: El.U., elastolytic unit; EDTA, 
thylenediaminetetraacetic acid; (T.U.)., trypsin unit (15). 


F. Lamy, C. P. Craig, and S. Tauber 87 


Brunauer, Emmett, and Teller (21) to explain the sigmoid 
adsorption isotherm curves observed in the case of multimolecu- 
lar adsorption of gases on solids. Their equation has been shown 
by Bull (22) to apply to water adsorption by protein powder. 
In this case V,, is equal to the amount of water, in grams, re- 
quired to fill the first adsorption layer, that is, to cover completely 
the surface of 100 g of the adsorbent. The curve relating optical 
density to wave lengths was measured with a Beckman spectro- 
photometer, model DU, on elastin treated with elastase, in a 
carbonate buffer at pH 8.8. The original curve was corrected 
for the absorption caused by elastase alone. 

Consideration of Table I reveals very little difference between 
elastins prepared by the two methods. The product used in 
these experiments therefore fulfills the requirements for an en- 
zyme substrate. 


RESULTS 


Kinetics of Elastin-Elastase Interaction—The amount of elastin 
solubilized in a given time will be directly proportional to the 
enzyme concentration only if the reaction follows zero order 
kinetics. In order to determine the set of conditions under 
which this occurs, a series of flasks containing a given amount 
of elastin and elastase was incubated at 37° in the buffer chosen, 
the final volume being always 3 ml. At successive time intervals, 
the reaction was stopped by addition of 2 ml of phosphate buffer 
0.7 M, pH 5.7. The volume was then brought to 10 ml by addi- 
tion of water. The undigested elastin was sedimented in a 
clinical centrifuge, and the amount of protein in a 0.2-ml aliquot 
of the supernatant was determined with the phenol-biuret reagent 
of Lowry et al. (11). 

Fig. 1 illustrates the applicability of the Lowry technique to 
the measurement of solubilized elastin up to a maximum of 30 
mg. In Fig. 2 it may be seen that by changing the ratio of 
substrate to enzyme concentration or by changing the buffer, or 
both, we can obtain a zero order reaction (Curve 3), a first order 
reaction (Curve 2), or even an undetermined type reaction (Curve 


0.500° 
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MILLIGRAMS OF SOLUBILIZED ELASTIN 
Fic. 1. Relationship between the amount of elastin hydrolyzed 
and the optical density of an aliquot of the solubilized material 
treated with the phenol-biuret reagent of Lowry. 
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0.500- 1) which starts slowly and then accelerates with time. Curre 
2) 2 was shown to represent a first order reaction when a seni. 
0400 logarithmic plot of elastin remaining against time proved to be 
linear. Curves 1 and 2 illustrate that with the same concentra. | 
0300+ 1) tion of enzyme and substrate, an assay performed according to | 

" current techniques would measure twice as many elastase units ) 
0.200- when the reaction is run in Tris buffer as when it is run in Veronal, } 
The kinetics of the reaction over a range of enzyme and sub. 
01005 strate concentrations was studied with the use of Tris buffer 0.08 
M, pH 8.6. Table II shows that the rate of elastolysis is propor. 
6 0 30 30 40 tional to the enzyme concentration, but is independent of the 

TIME IN MINUTES initial amount of elastin used. 

_ Fie. 2. Influence of the type of buffer and elastase concentra- Twenty-minute Assay—This assay is a modification of that 
tion on the kinetics of elastin hydrolysis by elastase (Merck). described by Sachar, Winter, Sicher, and Frankel (24). Elastin 
Curve 1, 1 mg of elastase reacting with 20 mg of elastin in Veronal (50 mg) is hydrolyzed by up to 20 EL.U. of elastase. Enough 
buffer 0.075 m, pH 8.6. Curve 2, 1 mg of elastase reacting with 20 Tris buffer 0.08 m, pH 8.6, is added to make a volume of 3 ml, 
mg of elastin in Tris buffer 0.08 M, pH 8.6. Curve 3, 0.4 mg of Simila ti xt d eith ithout th 
elastase reacting with 50 mg of elastin in Tris buffer 0.08 m, pH 8.6. 

or the substrate serve as controls. After incubation, dilution, 

and centrifugation as described, protein determinations are made 

Tape II with 0.2-ml aliquots from the supernatants. The number of 

elastolytic units present is calculated from the data of Fig. 1, 
We verified the linear relationship between the dilutions of an 
unknown enzyme preparation and the amounts of elastin solu- 


0.0. AT 750 my. 


ww 


Determination of zero order reaction rate constant with variable sub- 
strate and enzyme concentration (purified elastase preparation) 


i ae K.et Kt X 102 bilized under the conditions of the 20-minute assay. 
Titrimetric Assay—An assay based upon the titration of amino 
mg groups produced during the hydrolysis of elastin by elastase has 
50 2.5 0.123 4.9 been developed. A suitable amount of elastase is placed in 25 
50 3.1 0.156 5.0 ml of a dilute solution of NaCl at 37° and brought to pH 8.9 with 
50 3.2 | 0.157 4.9 the titrimeter. Approximately 100 mg of elastin, suspended in 
ed e | ae 8 1 ml of the same diluent at the same pH, are then introduced into l 
50) 91 | 0.459 50 the reaction mixture, and the titration is started. Assuming ¢ 
| that in a peptide the a-amino group has an average pK of 7.5, ¢ 
10 9.7 | 0.491t | 5.1 at pH 8.9, 96% of the titratable protons are released. The 
30 9.8 | 0.520 53 recorded curve gives the volume of NaOH (approximately 0.01 ( 
50 9.1 | 0.452 | 5.0 N) as a function of time, necessary to maintain a pH of 839. ¢ 
70 8.9 | 0.467 | 5.2 From this curve the number of umoles of NaOH consumed in I 
7 , the reaction per minute is calculated. t 
* The units of elastase were determined by the 20-minute assay. As expected (3), NaCl is shown to be an inhibitor of the t 
in mg solubilized elastin per minute nd interaction (efthand cohimns of Tablet | 
¢t With a low initial amount of elastin, the reaction was followed Inhibition also occurs ao ery wow tome strength, presumably d 
only during the first 10 minutes. because the enzyme precipitates out of the solution. Therefore, b 
0.03 m NaCl was chosen as the standard elastase diluent. f 
Depending upon the purity of the elastase used, a significant 0 
TaBLe III amount of hydrolysis of the enzyme itself. can take place. A 
Influence of concentration of NaCl and BO; ions on rate of liberation correction for this nonspecific activity was applied by titrating i 
of amino groups during elastolysis* the elastase preparation for 7 minutes before addition of elastin 0 
to the reaction flask. The rate of consumption of NaOH (if u 
Molarity of NaClin | Reaction rates | Molarity of BOs a any) during this period was deducted from that obtained after Dp 
the addition of elastin. A series of kinetic curves was performed b 
umoles NaOH/min umole leucine/min at. various elastase and constant elastin concentrations. The . 
0.20 0.869 0.20 0.0157 curves in Fig. 3 show that the reaction is zero order up to a con- ‘ 
0.10 1.469 0.10 0.0230 centration of elastase of 15.8 El.U. " 
0.05 1.697 0.07 0.0292 In order to attain reproducible values of reaction rates, the b 
0.01 1.653 0.04 0.0270 management of the enzyme before determination of its activity 
0.001 4.467 0.01 0.0224 is of great importance. Elastase is extremely unstable at 37° . 
° ons and pH 8.9. After 50 minutes of incubation, a solution contain- : 
* The elastase used in these assays had an activity of 13 EI1.U. ing 10 EIU. per ml was completely inactivated, but with the 
per mg. In the ninhydrin assay, 1.1 El.U. were used, whereas dition of 1% serum albumin to the mixture, the enzyme Te E 
62 E1.U. were used in the titrimetric assay. This larger amount tained full activity. The stock enzyme solution was kept frozen 
of enzyme was necessary to increase the sensitivity of the tech- in Tris-maleic buffer 0.06 m, pH 6.3. If the dilutions are per- ; 


| nique in earlier experiments performed without a microburet. formed at room temperature with 0.03 m NaCl, a rate constant 
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of 0.0106 umole of NaOH per minute per EI.U. is measured. 
In the same solvent, but at 1°, the rate constant is 0.0267 umole 
of NaOH per minute per E].U. If in addition, 1% bovine serum 
albumin is added to the cold NaCL, the rate constant becomes 
0.0312 pmole of NaOH per minute per El.U. In this work, all 
dilutions have been carried out at 1° without addition of serum 
albumin. 

Assay for Free Amino Groups—The number of free amino 
groups released during elastolysis was also measured by a nin- 
hydrin reagent. The assay was conducted under the conditions 
of the 20-minute assay, with substitution of borate buffer 0.1 m, 
pH 8.9, for Tris buffer. At successive intervals of time, the 
reaction was stopped by addition of 2 ml of phosphate buffer 
0.7 M, pH 5.7, and the unreacted elastin centrifuged out. The 
color developed by ninhydrin determinations performed in 1.0- 
ml aliquots of the supernatant fluids was compared to that of a 
known concentration of leucine treated in the same manner. 

Fig. 4 shows that the production of free amino groups follows 
a zero order course in the 1st hour for concentrations of elastase 
ranging from 0.6 to 2.0 El.U. Fig. 5 is a plot of the slopes of the 
kinetic curves against the concentration of elastase, as deter- 
mined by the 20-minute assay. The slope of this curve is 0.0219 
umole of leucine per minute per ELU. This value is quite 
sensitive to the concentration of borate ions in the buffer, as can 
be seen from the right-hand column of Table III. It is interest- 
ing to note that this assay is approximately 3 times more sensitive 
than the assay based on the determination of carboxylic groups, 
and 5 times more sensitive than the 20-minute assay. 

Comparison of Elastolytic Units—All elastolytic units are 
ultimately based on the gravimetric determination of solubilized 
elastin. Unfortunately, a “unit” is defined differently by differ- 
ent authors. Our definition is the same as that of Sachar e¢ al. 
(24), but differs from that of Lewis et al. (3). The latter authors 
define an elastase unit as the quantity of enzyme necessary to 
dissolve 1 mg of elastin in 4 hour at 37°, in a carbonate buffer 
r'/2 = 0.1, pH 8.8. In order to compare the units defined under 
these differing conditions, an elastase solution was divided into 
two aliquots. One was dialyzed against Tris buffer 0.06 m, pH 
8.6, and assayed by our 20-minute assay, and the other was 
dialyzed against the carbonate buffer and assaved with an incu- 
bation time of 30 minutes. On three separate occasions, it was 
found that the ratio of elastin dissolved in the incubation system 
of Lewis et al. to that dissolved in our system was 2:1 (+0.1). 

Effects of pH on Activity of Elastase—The activity of elastase 
in function of pH was measured with the three techniques devel- 
oped. In the 20-minute assay, the following 0.1 m buffers were 
used: Tris-maleic between pH 5.0 and 7.0, Tris buffer between 
pH 7.0 and 8.8, and glycine-sodium hydroxide buffer for more 
basic values of pH. In the assay based upon the titration of 
amino groups, no buffers were present, the only salt being a low 
concentration of sodium chloride (~0.03 m). In the ninhydrin 
assay, 0.1 m borate buffers were used throughout, the exact pH 
being adjusted with 0.1 n NaOH or HCI. Fig. 6 shows only one 
maximum at a pH of 9.2 to 9.4 which is probably the true optimal 
pH of the reaction, since it is unaffected by the nature and con- 
centration of added salts. 

Effect of Calcium, Magnesium, and EDTA on Activity of 
Elastase—Conflicting statements have appeared in the literature 
concerning the effect of calcium upon the activity of elastase. 
Although Lewis et al. (3) report neither activation nor inhibition 
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MOLES NoOH 


T T T T 
2 4 6 8 10 


TIME IN MINUTES 
Fig. 3. Time-activity curves of neutralization of free amino 
groups produced during elastin hydrolysis. (©), 2.6 El.U.; (@), 
5.3 El.U.; (W), 10.5 El.U.; (V7), 15.8 El.U. The initial amount 
of elastin was 100 mg. Points were selected at 2-minute intervals 
from the continuous titration recordings. 


MOLES LEUCINE 


TIME IN MINUTES 
Fic. 4. Time-activity curve of free amino groups released 


during elastin hydrolysis. (O), 0.63 El.U.; (@), 1.05 El.U.; (9), 
1.46 El.U.; (V7), 1.89 El.U. The initial amount of elastin was 50 
mg. 
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Fig. 5. Rate of production of leucine equivalents in function 
of enzyme concentration. 
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by calcium, Hall (25) claims that a metal, presumably calcium, 
is necessary for the formation of the enzyme-substrate complex. 

The elastase used in the experiments yielding the data pre- 
sented in Table IV was dialyzed for 3 days against large volumes 
of Tris buffer at 0.06 mM, pH 8.6. After dialysis, the 20-minute 
assay was performed, and the value of the activity of the enzyme 
solution was taken as 100%, all other values being compared 
with it. In the experiment with EDTA, care was taken to bring 
the pH of the stock solution of the chelating agent to a pH value 
of 8.6. It is apparent from these data that low concentrations 
of calcium, magnesium, and EDTA have no effect upon the 
activity of elastase. On the contrary, inhibition occurs when 
the concentration of these materials reaches approximately 
0.01 M. 

Proteolytic Activity of Elastase—-Elastase has a strong non- 


specific proteolytic activity, as pointed out by Lewis et al. (3) 
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Fia. 6. Activity of elastase in function of pH 


TaBLe [V 
Inhibition of elastase by calcium, magnesium, and EDTA 
Molarity in reaction mixture | Activity 
| % 
CaCl | 
0 | 100 
1 xX | 100 
100 
75 
3.3 X 10°? 50 
MgCl. 
0 | 100 
2.6 X 10-4 | 100 
2.1 x | 100 
8.3 X 1073 82 
3.3 X 10°? 60 
6.6 X 10°? 36 
EDTA | 
0 100 
5 xX 1074 100 
4X 10-3 91 
64 
3.3 X 107? 18 
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Fic. 7. Chromatography of elastase on Amberlite IRC-50 with 
phosphate buffer 0.18 mM, pH 6.05. 


TABLE V 


Analysis of selected fractions obtained by chromatography of elastase 
on Amberlite IRC-50 


Elastase 
Elastase Amount recovery in 
fraction 
El.U./ \(T.U. El.U./ | El.wu. 
Original elastase...| 7.5 90.0 | 11.0 | 12.0) 8.2 
Fraction 55........ 0.6386 | 3.8); 0.86 6.0; 4.2 22.6 
Fraction 140....... 0.160 | 4.0; 0.10, 25.0 | 40.0 24.2 


and Grant and Robbins (7). Merck elastase showed an activity 
of 0.77 xX 10-3 (T.U.). per ug, a value which is 20% of the 
activity of a sample of crystalline trypsin. Partially purified 
elastase preparations of approximately 10 El.U. per mg have a 
variable nonspecific proteolytic activity from 0.54 to 1.64 x 10° 
(T.U.). per ug (average, 1.08). With the synthetic substrate 
benzoyl-L-arginine methyl ester, crystalline trypsin had an 
activity of 17.1 units per wg, whereas Merck elastase had 0.1 
unit per wg. With acetyl-L-tyrosine ethyl ester, crystalline 
chymotrypsin contained 7.6 units per wg, and Merck elastase 
2.5 units per ug. 

These data suggest that when elastase acts on a nonspecific 
substrate, such as casein, at least part of the activity may be 
due to a second proteolytic enzyme. In order to test this hy- 
pothesis, elastase was fractionated by chromatography on Amber- 
lite IRC-50. Fig. 7 and Table V show the results of such an 
experiment.2, Two peaks display proteolytic activity. How- 
ever, the ratio of El.U. to (T.U.), of the second elastolytic peak 
is 10-foid greater than that of the first. This experiment demon- 
strates that elastolytic activity is associated with two different 
proteins, of which at least one has a high degree of specificity 
toward elastin. 


DISCUSSION 


The measurement of the activity of elastase is complicated 
by the lack of a standard substrate. In this paper the term 


2 A complete report on the chromatography of elastase on Am- 
berlite and other adsorbents will be published elsewhere. 
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“elastin’’ refers to an insoluble protein, prepared by alkali treat- 
ment, containing less than 0.2% of carbohydrate, and free from 
collagen. This product is a substrate different from that used by 
Hall (26), which is prepared by autoclaving the raw material 
with acetic acid and contains considerable amounts of polysac- 
charides. Because of the nature of the substrate which he used, 
Hall was led to the conclusion that elastase is a mixture of two 
components, a proteolytic and a mucolytic enzyme (27). Re- 
cently Thomas and Partridge (28) have shown that a-amylases 
purified from saliva, pancreas, and cereal seeds as well as bac- 
terial chondrosulfatasé and chondroitinase have no activity 
upon an elastin similar to that used in this work. Here “elas- 
tase” refers, therefore, exclusively to a proteolytic enzyme with 
a high degree of specificity toward elastin. 

The assay of elastase has been considered in two recent papers. 
Hall and Czerkawski (29) used an incubation time of 3 hours 
and measured by interferometry the amount of protein solu- 
bilized. They observed that the activity-time curves were not 
linear at the beginning of the reaction, resembling the shape of 
the curves that we obtained with Veronal buffer. Banga et al. 
(30) incubated the reaction mixture for 15 minutes and measured 
the amount of protein in the supernatant both by the Folin- 
Lowry reagent and gravimetrically. The latter workers com- 
pared the activity calculated from these measurements with that 
obtained from the increase in transparency of elastin during its 
hydrolysis by elastase. They observed that the ratio of the 
activities from these two types of measurement was not constant 
at the beginning of the reaction. 

In contradistinction, the three assays we have developed ex- 
hibit zero order kinetics under the restricted conditions used and 
demonstrate activities which are in a constant ratio. The 
difference among the activities obtained by various assays may 
well reside in the fact that all techniques used give, in addition 
toa measure of elastolytic activity, some clue as to the composi- 
tion of elastin. For example, during the preparation of elastin, 
some material can become adsorbed on the elastin particles. 
This material will be released immediately after a few peptide 
bonds are broken, and if it is less transparent than the elastin 
proper, an immediate increase of transparency will be noted. 
Similarly, if its index of refractive increment is lower than that 
of elastin, a sigmoidal activity-time curve will be observed. The 
amount of adsorbed material being small in relation to the total 
elastin concentration, these effects will be masked when the 
amount of elastase and elastin is such that an appreciable amount 
of hydrolysis occurs in 20 minutes. If one is interested only in 
measuring elastase activity, the conditions described in this 
paper are the most accurate ones. 

Our chromatographic results confirm those obtained by starch 
electrophoresis by Dvonch and Alburn (9), in that two elastolytic 
fractions can be separated. However, our two fractions differ 
greatly in their proteolytic activity toward casein. The second 
component (Fraction 140) still exhibits some nonspecific proteo- 
lytic activity, and it has not been established whether this is due 
toa contaminant or whether it is a reflection of the specificity of 
elastase itself. Elastases prepared without a chromatographic 


step are heavily contaminated by an enzyme resembling chymo- 
trypsin which could easily mask the true specificity of elastase 
when used on synthetic peptides or polypeptides derived from 
elastin. 
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SUMMARY 


Three assays for elastase have been developed. The first is 
based upon the measurement of soluble polypeptides liberated 
by the action of the enzyme on elastin. The remaining two 
assays measure the appearance of free amino groups liberated 
during the breakage of peptide bonds in the substrate. 

The time-activity curves of the hydrolysis of elastin by elastase 
are zero order when followed with each of the three assays. The 
optimal pH of elastase is in a range of 9.2 to 9.4. | 

Elastase does not seem to be activated by calcium, magnesium, 
or cthylenediaminetetraacetic acid in low concentration, but is 
inhibited by high concentrations of these substances. 

By chromatography on Amberlite IRC-50, two elastolytic 
fractions can be separated. One fraction is rich in proteolytic 
activity toward casein, whereas the other is poor. 
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The amperometric, argentimetric titration procedure for de- 
termination of sulfhydryl groups in proteins has been widely 
used, particularly since the description of a method by Benesch 
et al. (1) utilizing titration in tris(hydroxymethyl)aminomethane 
buffer at neutral pH. This paper presents results of an investi- 
gation of sulfhydryl groups in several proteins with a modified 
Benesch technique. Additionally, values are given for the 
number of half-cystines, determined cysteic acid, in some 
proteins not previously studied. Datajare reported which dem- 
onstrate an extension of our previous report (2) on the presence 
of free sulfhydry] in yellowfin tuna myoglobin to two other tuna 
species, and which indicate the number of sulfhydryl groups 
present in tuna and whale hemoglobins. 


EXPERIMENTAL PROCEDURE 


Materials—Frozen yellowfin tuna (Neothunnus macropterus) 
was obtained from F. E. Booth Company, San Francisco, and 
fresh skipjack (Katsuwonus pelamis) and albacore (Thunnus 
germo) from the Evans Radio Dock, Oakland, California. Red 
meat from other skipjack tuna was supplied by the United 
States Bureau of Commercial Fisheries, Terminal Island, Cali- 
fornia. Whale blood was collected by Dale W. Rice from a 
male humpback (Megaptera nodosa) (dead approximately 8 
hours) at the Del Monte Fishing Company, Richmond, Cali- 
fornia. Tobacco mosaic virus and its constituent protein and 
nucleic acid were supplied by Dr. H. Fraenkel-Conrat. Crys- 
talline ribonuclease and ovalbumin were Worthington products; 
bovine plasma albumin was from Armour and Company; reduced 
glutathione was obtained from Sigma Chemical Company and 
Schwarz Laboratories, Inc. Sodium dodecyl sulfate was pur- 
chased from K and K Laboratories, and sodium borohydride 
from Metal Hydrides, Inc. 

Methods—Tuna myoglobins were prepared as previously de- 
scribed (2) by repeated ammonium sulfate fractionation of an 
aqueous extract of red meat. Whale and tuna hemoglobins 
were prepared from blood samples by a similar procedure, ex- 
cept that a few crystals of sodium borohydride were added to 
keep the proteins reduced. Myoglobin preparations considered 
homogeneous had been repeatedly fractionated until they 
showed a constant Soret to 280 my absorbancy ratio and mi- 
grated as a single band on paper and boundary electrophoresis. 
The whale hemoglobin was homogeneous on paper, but was not 
subjected to boundary electrophoresis. The tuna hemoglobins 


became denatured at the origin when subjected to paper electro- 
phoresis. Paper electrophoresis was done in a Spinco Durrum- 
type apparatus and boundary electrophoresis in a Perkin-Elmer 
model 38A instrument. Veronal buffer at pH 8.6, ionic strength 
0.05, was routinely used for both techniques. Absorbancy 
measurements were made in a Cary model 11 recording spectro- 
photometer. 

The myoglobins were reduced by treatment at 40° for 30 
minutes of 1 umole of protein with 25 mg of NaBH, in 5 ml of 
0.5% sodium dodecyl] sulfate solutions; this procedure is similar 
to that of Moore et al. (3) and will be described in detail in a 
separate communication. Dry weights of the proteins were 
determined from thoroughly dialyzed solutions dried to constant 
weight in a high vacuum oven at 70°. 

The titrations were conducted in a medium of 0.133 m Tris 
buffer pH 7.4 and 0.01 m KCl, as described by Benesch et al. 
(1), except that oxygen-free nitrogen (passed through a heated 
copper tube) was bubbled slowl, and continuously through the 
titration vessel and ethylenediaminetetraacetate (final concen- 
tration, 0.00025 m) was added to each titration mixture (4); 
deionized water was not used, since it was found not to affect 
the titrations under these conditions. 
were prepared daily. The protein (usually 1 to 2 umoles) or 
other sulfhydryl-containing material was added last to the mix- 
ture, and the titration was started after equilibrium was reached 
(2 to 5 minutes). Silver nitrate solution, 0.002 mM, prepared 
from stock 0.1 m solution, was then added from a burette in 
increments of 0.2 ml, at intervals of about 30 seconds. Re- 
duced glutathione was routinely used as a control and was al- 
ways titrated first in a series; if a number of titrations were to 
be done, a later control was included. If the glutathione titra- 
tion differed by more than 5% from theory, fresh standards, 
buffer, etc., were prepared as necessary to correct the condition; 
this was an unusual occurrence. 


Fresh buffer solutions | 


The TMV! and TMV-protein solutions treated at pH 9.0 were — 


incubated at this pH in Tris buffer for 30 minutes at 40° in 4 
nitrogen atmosphere. The pH was then brought to 7.4 with 
nitric acid and the solution titrated in the usual manner. Treat- 
ments with sodium dodecy] sulfate were similar; concentration 
of the detergent in the solutions was 0.5%. Titrations of de- 
natured hemoglobins were done in 8 M urea solutions. 

The determinations of half-cystines as cysteic acid were done 


1 The abbreviation used is: TMV, tobacco mosaic virus. 
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by performic acid oxidation of the proteins followed by acid 
hydrolysis and chromatography, essentially as described by 
Schram et al. (5). A recovery factor of 88% was used; this was 
based on control oxidations of cystine and pepsin. 


RESULTS AND DISCUSSION 


Tuna Myoglobins—The tuna myoglobin preparations (Table 
]) had from 0.5 to 1.9 moles titratable —SH per mole protein 
(mol. wt., 17,000) before reduction. The variation appeared 
to be due exclusively to oxidation, since the values were lower in 
older preparations and in those subjected to the most extensive 
handling. Additionally, a sample of yellowfin myoglobin was 
deliberately oxidized by bubbling air through for a few minutes; 
this lowered the titratable —SH by 0.2 per mole. The prepara- 
tions of myoglobin were always in the met- or ferri- state, as 
evidenced by their color and substantiated by measurement 
of absorption spectra. Upon reduction, the myoglobins were 
changed to the ferro- state (based on color and measured spectra), 
and there were made available a total of 2.0 —SH per mole in 
every tuna myoglobin preparation. Thus the myoglobin from 
at least three species of tuna contains free sulfhydryl; no other 
myoglobin is known to show this property. These findings sub- 
stantiate our previous results with yellowfin myoglobin (2) and 
establish the cause of variations in the values of —SH per mole 
before reduction as being the oxidation of a portion of the sulfhy- 
dryl during the isolation procedure. 

Determinations of the half-cystine content of albacore and 
yellowfin myoglobins, by the cysteic acid method, yielded aver- 
age values of 1.0 and 1.1 residues per mole (Table I). It would 
be expected that the value for moles of —SH per mole determined 
by amperometric titration should not exceed the total half-cys- 
tine content. It is known that under certain conditions, human 
hemoglobin shows an indicated value of 8 sulfhydryls per mole- 
cule determined by amperometric titration compared to the 
half-cystine value of 6 determined by other methods. Cole et al. 
(6) have studied this discrepancy and concluded that some silver 
ion can be bound at sites other than sulfhydryl groups. Sluyter- 
man (7) suggested that the Ag+ amperometric method tends to 
give high values with some sulfhydryl-containing lower molecular 
weight compounds; he obtained approximately theoretical results 
with glutathione with his procedure which was very similar to 
the one used herein, except that ethylenediaminetetraacetate 
was not incorporated in the titration mixture, and nitrogen 
atmospheres were not used for his titrations in Tris buffer. 
Burton (8) also reports high values, including values for gluta- 
thione —SH, with a similar titrametric procedure; he also did 
not use ethylenediaminetetraacetate in the system, nor were the 
titrations conducted under nitrogen. Cecil and McPhee (9) 
discuss in detail the limitations of amperometric titrations with 
silver ions in general and the problem with human hemoglobin A 
in particular. Apparently tuna myoglobins also show the prop- 
erty of binding silver ions at sites other than sulfhydryl groups. 
It is of interest that tuna hemoglobins, as shown below, do not 
demonstrate this property. 

Hirs? has determined the amino acid composition of one of our 
yellowfin myoglobin preparations and finds less than one cysteine 
residue per molecule. This is to be expected, since there would 
be destruction during hydrolysis as the cysteine was not pre- 
oxidized to cysteic acid. Konosu et al. (10) reported amino acid 


*C. H. W. Hirs, personal communication. 
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Sulfhydryl content of whale and tuna myoglobins and 
hemoglobins, ovalbumin, and controls 


Amperometric titration | Cysteic acid residues 
Assumed 
— mol. wt. | No. of | Moles —SH | No- of | Moles half- 
nations | Per mole | vations | cyStine/mole 
Myoglobins* 
Humpback 
whale......... 17,000 5 0.0 
Albacore 
tunaf......... 17 ,000 3 (1.0+0.1) 2 (11.0+0.1 
Albacore tuna, 
after reduc- 
Yellowfin tuna. .| 17,000 3 09404 3 1.1401 
Yellowfin tuna, 
after reduc- 
17 ,000 2 2.0 
Skipjack tuna...} 17,000 3 + 0.2 
Skipjack tuna, 
after reduc- 
17 ,000 2 2.0 
Hemoglobinsf{ 
Humpback 
whale......... 67 ,000 5 2.02+0.1) 3 43+0.3 
Albacore tuna. 67,000 3 8320.4 2 
Skipjack tuna...| 67,000 3 50+0.2 1 8.2 
Miscellaneous 
proteins 
Ovalbumin...... 45,000 10 4.0 
Bovine plasma 
albumin...... 69 ,000 4 0.7 
Ribonuclease....| 13,000 6 0.0 


* Humpback whale (Megaptera nodosa), Albacore tuna (Thun- 
nus germo), Yellowfin tuna (Neothunnus macropterus), Skipjack 


tuna (Katsuwonus pelamis). 


1 A slightly less pure albacore myoglobin preparation gave in 
11 determinations an average of 1.4 + 0.6 mole of —SH per mole; 
a similar yellowfin myoglobin preparation gave in five determina- 
tions an average of 1.5 + 0.4 mole —SH per mole. 

} Native proteins. For results on denatured preparations, see 


text. 


analysis for bluefin tuna myoglobin and found approximately 
one cysteine residue per molecule. 

Sulfhydryl Groups of Whale and Tuna Hemoglobins—Results 
of the titrations of sulfhydryl of whale hemoglobin are shown in 
Table I. These preparations were relatively stable, resembling 
human and other mammalian hemoglobins in this respect, 7.e. 
solutions did not precipitate after standing for short periods at 
room temperature and were relatively stable to freezing and 
thawing. The sulfhydryl titration curves were highly repro- 
ducible and indicate the presence of 2.0 moles of —SH per mole 
of hemoglobin, based on a molecular weight of 67,000. The tuna 
hemoglobins, on the other hand, were quite unstable; they readily 
precipitated at room temperature, were partially denatured on 
freezing and thawing, and became insoluble at the origin when 
placed on paper strips for electrophoresis. The skipjack prep- 
aration was somewhat more stable than the albacore. Apparent 
sulfhydryl groups per mole (assuming mol. wt. 67,000) were 8.3 
and 5.0 for albacore and skipjack, respectively. 


lectro- 
rrum- | 
Elmer 
rength | 
bancy 
ec tro- | 
for 30 
ml of 
imilar 
il ina | 
were | 
nstant | 
M Tris | 
etal. | 
eated | 
| 
e (4); | 
affect | 
utions 
es) or | | 
e mix- 
ached 
»pared 
tte in 
Re | 
ras al- 
ere to 
titra- 
dards, 
ition; 
) were 
° in a 
1 with | 
reat- | 
ration 
of de- 
done 


94 


The presence of 2 moles of free —SH per mole of whale hemo- 
globin is an exception to the rule suggested by the interesting 
postulate of Riggs (11) that there is an inverse relationship be- 
tween body weight of a mammal and the number of cysteine 
residues in its hemoglobin. He points out that there are approxi- 
mately 2 moles of —SH per mole for horse and cattle hemoglobin, 
more for smaller animals, but only approximately 1 mole of —SH 
per mole in the hemoglobin of elephant; thus our value for whale, 
a much larger mammal, does not conform to the suggested re- 
lation. The hypothesis also could not be extended to teleosts, 
since the determination of —SH in tuna hemoglobins reported 
here indicates approximately 8 moles of —SH per mole in alba- 
core hemoglobin compared to 5 moles of —SH per mole in skip- 
jack hemoglobin; the albacore species (and the individuals used 
in this study) is several times larger than the skipjack. 

The half-cystine contents of these hemoglobins as determined 
by the eysteic acid method were approximately four, eight, and 
eight residues per mole of whale, albacore tuna, and skipjack 
tuna hemoglobin, respectively (Table 1). These values suggest 
that whale hemoglobin has one cystine residue in addition to the 
two cysteines that are titratable. Substantiating evidence for 
this conclusion is the fact that a whale hemoglobin preparation 
reduced with sodium borohydride under conditions resulting in 
disulfide cleavage gave a titration value of 4.1 moles —SH per 
mole. All the eight half-cystines of albacore hemoglobin are 
titratable, whereas only five of the eight half-cystines of skip- 
jack hemoglobin could be titrated. This might indicate that 
there is one cystine per mole of skipjack hemoglobin. It should 
be noted that this protein was quite unstable, and the titration 
values particularly may therefore be subject to some error; how- 
ever, replicate values obtained were in good agreement. 

The titration values discussed above were all determined on 
native proteins. All the hemoglobins have also been titrated 
while denatured in 8 M urea solution. In no case were values 
obtained which were higher than those on native proteins. Gen- 
erally the values were quite variable and lower than the results 
given in Table I, except in cases in which extreme care was taken 


to avoid oxidation. In these cases, the results were essentially. 


the same or slightly lower, specifically 2.3, 7.4, and 4.4 moles of 
—SH per mole of denatured whale, albacore, and skipjack hemo- 
globins, respectively. 


TABLE II 


Sulfhydryl content of TMV, TMV-protein, and TMV 
nucleic acid 


Sample and treatment Amount* 
moles —SH/mole 

TMV, sodium dodecyl sulfate.......... 2 0.1+ 0.1 
TMV, sodium dodecyl] sulfate, pH 9.0.. 6 1.6+ 0.1 
TMV-protein, pH 9.0.................. 1 0 
TMV-protein, sodium dodecyl] sulfate. . 1 0 
TMV-protein, sodium dodecy! sulfate, 

TMV nucleic acid, sodium dodecyl] sul- 


* Per mole of nucleic acid free protein subunit (mol. wt., 18,000). 
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Tobacco Mosaic Virus—TMV or TMV-protein had no titra. 
table —SH at neutral pH in the absence of a denaturant. When 
these materials were titrated after incubation either at pH 99 
or with the denaturant sodium dodecyl] sulfate, they similarly 
showed no —SH. However, after incubation at pH 9.0 in 0.5% 
sodium dodecyl sulfate solutions, TMV had 1.6 titratable —SH 
groups per mole of protein subunit, whereas the TMV-protein 
itself had 1.0 —SH per mole subunit (mol. wt. 18,000). TMy 
nucleic acid alone, treated under similar conditions, had a zero 
titration. These results are presented in Table II. 

The —SH group in TMV-protein is well recognized to be 
‘‘masked;”’ 7.e. it does not give a nitroprusside test, does not react 
with iodoacetate or p-chloromercuribenzoate, and is not suscep- 
tible to autoxidation (12); it is known to be titratable after treat. 
ment with guanidine hydrobromide, but has been reported to be 
autoxidized and not titratable in detergent preparations (13, 14), 
In the present study, the —SH was readily titratable after incu. 
bation of the protein with sodium dodecyl] sulfate at pH 9.0. In 
detergent alone, 7.e. at neutral pH, or at pH 9.0 in the absence 
of detergent there was no unmasking. Autoxidation did not 
present a problem, perhaps because the incubation and titration 
were conducted under nitrogen; however, the solutions were 
handled briefly in air in transferring operations. The determina- 
tion of 1.0 moles of —SH per mole of TMV-protein was readily 
reproducible under the conditions of the experiment. The find- 
ing that the virus itself repeatedly gave an indicated value of 1.6 
moles of —SH per mole after unmasking by treatment identical 
to that given the protein suggested the possibility that some part 
of the nucleic acid portion of the virus was binding Agt; conse- 
quently, virus nucleic acid was titrated after similar incubation 
treatment. However, the nucleic acid titrations were completely 
negative, indicating that the nucleic acid portion per se was not 
responsible for the extra 0.6 moles —SH per mole in the virus. 
Thus it appears that there is some binding of Agt* in the virus 
molecule at sites other than an unmasked —SH;; this is another 
example of nonspecific binding such as noted with the tuna myo- 
globins. It is known that lead and other divalent metals can be 
bound by non —SH sites in TMV, presumably by displacing a 
carboxyl hydrogen atom (14). In any event, numerous groups 
present as masked carboxyl groups in the intact virus become 
available and titratable when the virus is degraded and appear to 
account for the unusual stability of the virus compared to the 
protein. From the present study, the extra Ag+ binding sites in 
the unmasked virus appear to be another feature distinguishing 
it from the nucleic acid free protein. 

Ovalbumin and Controls—Reported values obtained by the Ag* 
amperometric titration method for the number of —SH groups 
in ovalbumin have ranged from 4.3 to 5.6 moles of —SH per 
mole of protein (1, 15, 16). Katyal and Gorin (15) discuss the 
problem and describe an amperometric titration procedure utiliz- 
ing the reaction of ovalbumin with ferricyanide. They obtained 


values of 4.0 —SH groups per mole in denatured ovalbumin, — 
but were unable to determine —SH in native ovalbumin. Ti | 


trated under the conditions of our studies, ovalbumin showed in 
every case a value of 4.0 —SH per mole without variation. 


Whale myoglobin and ribonuclease, having no sulfhydryl groups, 


served as negative controls; as expected, each routinely gave 4 
zero titration. Reduced glutathione was the daily positive con- 


trol and fresh solutions routinely had titrations within 5% of © 


theory. Bovine plasma albumin also served as a positive con- 
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trol and gave the expected titration of 0.7 moles of —SH per 
mole of protein. These data are included in Table I. 


SUMMARY 


1. Tuna myoglobins have been prepared from three species 
and shown to contain sulfhydryl groups. 

9. Amperometric titration of tuna myoglobins with silver ion 
indicates the presence of 2 —SH per mole, but the half-cystine 
content, determined by the cysteic acid method, is only one 
residue per mole. 

3. Humpback whale hemoglobin has been shown to have two 
titratable —SH groups and a total of four half-cystine residues 
per mole. 

4. Albacore and skipjack tuna hemoglobins have eight and five 
titratable —SH groups per mole, respectively, in both native 
and urea-denatured preparations. Both hemoglobins have eight 
half-cystines per mole determined as cysteic acid. 

5. The “‘masked’’ sulfhydryl group of tobacco mosaic virus 
and the nucleic acid free protein can be titrated after incubation 
in sodium dodecyl] sulfate solutions at pH 9.0. The titrations 
indicate 1.0 —SH per mole protein subunit (mol. wt. 18,000) but 
1.6 —SH per mole of protein subunit in the virus. 

6. Under the conditions of the procedure used, titrations of 
ovalbumin indicate 4.0 —SH per mole in the absence of dena- 
turant. 
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The initial fragmentation of proteins into specific subunits 
either by chemical or enzymatic means is an important objective 
in structural analysis. The dissociation of some proteins by 
denaturing agents is long known (1), and the disaggregation of 
macroglobulins by reducing agents has recently been established 
(2,3). The separation of polypeptide chains by oxidation of the 
disulfide bonds has found frequent application (4). Limited 
proteolysis of y-globulins with papain! has yielded biologically 
active units with a molecular weight of about 50,000 (5). Suc- 
cess has been reported (6, 7) in the use of N-bromosuccinimide 
for specific cleavage of peptide bonds involving tryptophan or 
tyrosine. 

On the other hand, attempts to achieve oxidative or reductive 
cleavage of large protein molecules into subunits or fragments in 
the molecular weight range of 10,000 to 20,000 have led to un- 
certain results. For example, Reichman and Colvin (8) have 
concluded that the action of performic acid on bovine serum 
albumin results in fragmentation into four units of nearly equal 
size without an increase in NH,-terminal amino acids, and these 
authors question the concept of a single polypeptide chain for 
this protein. Yet, Turner et al. (9) from determination of NH2- 
terminal amino acids find evidence for a cleavage of peptide bonds 
by performic acid. The latter authors reported the failure of 
serum albumin and other proteins of high molecular weight to 
form fragments when treated with agents that specifically cleave 
disulfide bonds, 7.e. thioglycolate or sulfite, but did not indicate 
whether the reduction was carried out in urea. However, Edel- 
man (10), in a preliminary note, has recently described the cleav- 
age of human y-globulin by 6-mercaptoethylamine or sulfite in 
the presence of 6 M urea or by performic acid. 

Concurrent studies are described herein on the fragmentation 
of proteins by a number of methods, particularly by oxidation 
with hydrogen peroxide in the presence of cupric ion. This 
system has previously been used for the oxidation of many or- 
ganic compounds (11). Oxidation of proteins by Cut++ and H202 
has the advantages of being quite controllable as to the extent 
and of yielding products that are soluble and stable in buffers in 
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Cancer Institute (No. C-2803) and the National Heart Institute 
(No. H-2966), National Institutes of Health, United States Public 
Health Service. 
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1 The y-globulins of many species are likewise cleaved into 3.5 
S fragments by papain. S. H. Hsiao and F. W. Putnam, unpub- 
lished data. 


the absence of denaturants such as urea. Fragments having a | 


molecular weight of 10,000 by the Archibald method and rep. 
resenting most of the protein have been produced from the 
y-globulins and serum albumins of various species and from 4 
number of other proteins. The products of oxidation of human 
y-globulin by the Cut++-H,O. method were compared with those 
obtained by the action of heat, thioglycolate, sulfite, or N-bromo- 
succinimide. In all cases, except possibly the last, the size of the 
fragments was similar, yet low molecular weight proteins with a 
single polypeptide chain such as ribonuclease and lysozyme were 
not fragmented. : 


EXPERIMENTAL PROCEDURE 


Oxidation—The oxidation of the various proteins was carried | 


out with 1% solutions containing the desired amount of copper 
as CuCl.. The standard conditions developed for the reaction 
were as follows: The solutions were maintained at pH 7.1 by 0.1 
m KH,PO,-K,HPQ, buffer. Sufficient 30% hydrogen peroxide 
was added to give the desired concentration, and the reaction was 
carried out for the desired length of time at room temperature 
(25-27°). The reaction was stopped by making the solution 
0.01 m in Versene (ethylenediaminetetraacetic acid), and the 
solution was dialyzed overnight against the appropriate solvent 
for analysis (see below). 

Reaction with N-Bromosuccinimide—The reaction was initially 
carried out on human y-globulin according to Patchornik et al. 
(6) at pH 4 in acetate buffer and at a concentration of N-bromo- 
succinimide of 0.005 m. This concéntration is approximately 
3.5 times the concentration of tryptophan in the protein solutions. 
(With approximately 22 moles of tryptophan per mole of protein, 
a 1% solution of human y-globulin corresponds to a 0.0014 
solution of tryptophan.) This procedure gave no evidence of 
fragmentation. The data reported in “Results” were obtained 
by raising the N-bromosuccinimide concentration to 0.01 to 0.05 
M and carrying out the reaction in 8 M urea for 3 hours. 

Reduction-Alkylation—The reduction and alkylation of disul- 
fide bonds in the proteins was carried out by a slight modification 
of the procedure of Sela e¢ al. (12). In a typical experiment, 250 


mg of human 7-globulin were dissolved in 5 ml of 8m urea. The — 
pH was brought to 8.5 by the addition of a small amount of 1M _ 


Tris buffer. To this solution was added 1.25 ml of an 8 M urea 


solution containing 265 mg of sodium thioglycolate. The sample | 
was allowed to react at room temperature for 4 hours with ni- | 


trogen gas being bubbled through the solution. At this point, © 


the pH of the solution was adjusted to 8.2 with concentrated 
Tris buffer, and 2 ml of pH 8.2 solution containing 0.5 g of iodo- 
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acetamide were added. After 2 more hours at room temperature 
during which time the pH was maintained at 8.2, the solution was 
dialyzed against the appropriate buffer for analysis. 

Reaction with Sodium Sulfite—This reaction, described by 
Swan (13), followed rather closely the sequence outlined by 
Pechere et al. (14). To 50 mg of protein in 3 ml of solution were 
added 2.4 g of urea. The resulting solution was adjusted to pH 
3 with dilute acid, and 0.105 g of NasSO3 was added. This 
solution was adjusted to pH 10.2 with concentrated ammonia, 
and 34 mg of CuCl,-2 H.O were added. The sample was allowed 
to remain at room temperature for 3 hours after which Versene 
was added to 0.01 M, and dialysis against the appropriate buffers 
for analysis was carried out. 

Ultracentrifugal and Electrophoretic Analysis—Ultracentrifuge 
analyses were performed in a Spinco model E ultracentrifuge 
equipped with a rotor temperature indicator and control unit. 
All runs were made at 20° in a solution containing 0.2 mM NaCl and 
10-4 m Versene. The appropriate amount of urea was included 
in those experiments requiring its use. Values of the sedimen- 
tation coefficient corrected to water (se0,~) are reported in Sved- 
berg units (S). 

Molecular weight determinations were made in the ultracen- 
trifuge as suggested by Archibald (15), following the method 
outlined by Ehrenberg (16). Molecular weights were calculated 
at the meniscus only. 

Electrophoretic analysis was carried out in the Spinco model 


- Helectrophoresis apparatus. Runs were customarily performed 


in 0.1 m Veronal buffer, pH 8.6, to which Versene had been added 
to10-*m. Ascending and descending patterns were quite sim- 
ilar in all cases, and thus only descending patterns and mobilities 
are reported. 

Amino Acid Analysis—Acid-hydrolyzed samples of the oxi- 
dized materials were subjected to amino acid analysis according 
to the method of Moore and Stein (17) with the Spinco automatic 
amino acid analyzer. 


RESULTS 
Analysis of Oxidation Reaction for Human y-Globulin 


Ultracentrifugal Analysis—The oxidation of y-globulin by 
hydrogen peroxide in the presence of cupric ion was followed 
either by the appearance of two or more slowly sedimenting com- 
ponents in the ultracentrifuge or by the modification which occurs 
in the ultraviolet spectrum as a result of the reaction. The newly 
formed ultracentrifugal components sedimented as rather well 
defined boundaries with reproducible sedimentation constants. 
In 41 experiments, the faster component had an average $20, 


of 3.6S with an average deviation of +0.3 S. Since there was 
a wide variation in the conditions of the reaction, in the number 


of components present, and in the concentration of the 3.6 S 
component, this average deviation was not considered excessive. 
In 27 experiments, the slower component had a sedimentation 
constant of 1.1 + 0.2 8S. Although the average deviation is 


proportionately larger in this case, the difficulties involved in 


measuring the position of a slowly sedimenting, rapidly diffusing 
boundary may well account for the lowered precision. By way 


of comparison, either the native protein or the portion of the 
_ MInaterial in the oxidized samples which appeared not to have 


reacted gave an average 82,1 of 6.5 + 0.3 S in 34 experiments. 
This compares favorably with reported values for y-globulin 
(18). 
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Fic. 1. A. Ultracentrifuge patterns of human y-globulin 
treated for various lengths of time with 0.5 m H.O2 and 11 X 1075 
M Cut*. Reaction times are indicated to the left of each pattern. 
In each case, the centrifugation time was 96 minutes at 59,780 
r.p.m., the protein concentration was 1% in 0.2 m NaCl, and the 
bar angle was 45°. The direction of sedimentation is to the left, 
and the approximate sedimentation coefficient is indicated by the 
vertical dash lines. B. Ultracentrifuge patterns of human y-glob- 
ulin treated for 5 hours with 0.5 m H.O:2 and various concentrations 
of Cut*. Cu** concentrations are indicated to the right of each 
pattern. Centrifugation time at 59,780 r.p.m. was about 80 min- 
utes in each case. 


The progress of the-reaction may be illustrated by reference 
to Fig. 1A, in which sedimentation diagrams of samples reacted 
for various lengths of time are given. After 1 minute in the 
presence of the reagents, the protein shows evidence of some 
new material with a slower sedimentation constant than the 
native protein. In addition to the 3.6 S component, some ma- 
terial with a sedimentation constant of about 5 S is detectable. 
This component has appeared in small quantity in several in- 
stances, but conditions have not been found which yield the 5 
S component as the principal product. With time, the reaction 
proceeds to the transformation of nearly all of the protein to 
the 3.6 S form. Indeed, it is possible to choose conditions such 
that samples may be obtained for which the ultracentrifuge pat- 
terns show 100% 3.6 S material. At much later times in the 
reaction, the 3.6 S component is converted to the 1.1 S material 
shown in Fig. 14. A number of experiments established that 
the conversion to the 3.6 S material occurs much more rapidly 
than the subsequent formation of the 1.1 S product. It should 
be noted that this apparent difference in the rates of the reac- 
tions is not simply the result of depletion of the reagents by the 
time 1.1 S material begins to form, for the addition of fresh rea- 
gents at that time does not measurably speed up the conversion. 

The production of material with a sedimentation constant 
considerably lower than 1.1 S has not been demonstrated. The 
1.1 S material represented in the last pattern of Fig. 14 showed 
very little loss on dialysis indicating that only a small fraction 
consisted of very low molecular weight substances. Even after 
very long exposure to the reagents, the material did not give 
evidence of extensive degradation. For example, the kinetic 
experiment shown in Fig. 1 was continued for 10 days. After 
that time, the considerable amount of peroxide remaining was 
destroyed by addition of a small amount of catalase, and the 
sample was examined without dialysis by centrifugation in a 
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Fic. 2. Ultraviolet absorption spectra of normal human y-glob- 


ulin and two of the oxidized products of this protein. The wave 
length is plotted on a logarithmic seale. 


synthetic boundary cell. The s20,,. was 0.54 5, which is lower 
than the average value given above but not greatly outside the 
range which has been obtained for the 1.1 8 material. Signifi- 
cantly, the peak remained quite symmetrical during sedimenta- 
tion with no indication of skewness on the meniscus side, as 
might be expected if the sample contained a large amount of 
very slowly sedimenting material. 

Change in Absorption Spectrum—aAs these new ultracentrifugal 
components are formed in the reaction, a marked change in the 
ultraviolet absorption spectrum occurs. This is illustrated in 
Fig. 2 which shows that, as components of lower 820, appear, 
the absorbancy at 280 my decreases, whereas at 250 muy, it in- 
creases. The extent of this change in the spectrum has been 
found in a large number of experiments to correlate very well 
with the amounts of new components formed. Use of this cor- 
relation was made by plotting the ratio of the absorbancy at 
280 mu to that at 250 my for a given sample as a function of the 
ultracentrifugal composition of that sample.2 The absorbancy 
ratio varied from 2.2 for the untreated y-globulin to about 1.5 
for the 3.6S product and was 0.75 and less for the 1.1 5 material. 
This has made it possible to follow the reaction qualitatively by 
spectral examination and thus to reduce the number of ultra- 
centrifuge runs needed in defining the conditions of the reaction. 
After the formation of 100% 1.1 S material, this correlation no 
longer holds, since the spectrum continues to change although 
changes in the ultracentrifugal properties are less pronounced. 


2 The ultracentrifugal composition was expressed as the per- 
centage of material appearing in the 3.6 S form in samples contain- 
ing no 1.1 S material and as the percentage in the 1.1 5 form in 
samples which showed this product. Thus a scale was constructed 
as if 100% conversion to 3.6 S material occurred before any 1.15 
product was formed. Except under special conditions, this is not 
strictly true. This fact (plus the omission from consideration of 
the 5 S component which appears early in the reaction) tends to 
decrease the accuracy of estimation of ultracentrifugal composi- 
tion from absorbancy ratios. Furthermore, aggregation during 
the early stages of the reaction lowers the absorbancy ratio below 
its value owing to chromophore absorption alone. These con- 
siderations render the correlation of little quantitative value. 
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For example, in the 10-day experiment discussed above, the 
sample showed an almost complete obliteration of the 280 my 
absorption although this sample, like that used to obtain the 
1S curve in Fig. 2, sedimented with a coefficient in the range 
designated as 1.1 S. 


Reaction Conditions for Oxidation of y-Globulin 


Effect of Copper Concentration—The reaction has been studied 
under a variety of conditions in order to establish those which 
would give an optimal yield of products. The effect of copper 
concentration was examined, as shown in Fig. 1B, by ultracen- 
trifugal analysis of samples that had been treated for 5 hours 
with approximately 0.5 m hydrogen peroxide to which had been 
added various concentrations of cupric chloride. At the highest 
copper concentration studied, that is, 19 * 10-5 M, 5 hours were 
sufficient for almost complete conversion to the 1.1 S material. 
The other ultracentrifugal diagrams indicate that the rate of 
reaction is decreased as the copper concentration is decreased. 
It is significant that considerable conversion to the 3.6 8S form 
occurs in 5 hours at a copper concentration which is equimolar 
to that of the protein concentration (6.2 K 10-5 Mm). Even at 
a molarity of copper one-sixth that of the protein (that is, 1 x 
10-5 M) some conversion to the 3.6 S component takes place, 
Furthermore, it has been shown that eventually 1 S material is 
formed at this copper concentration also. After 8 days, this 
sample consisted of approximately 20% 1.1 S and 80° 3.68 
components. 

Effect of Metal Ions—Since the preceding experiments had 
indicated a strong catalysis by cupric ion at concentrations of 
1 to 2 moles per mole of protein, study was undertaken both by 
the ultracentrifugation and spectroscopic methods of the effect 
of other di- and trivalent cations near copper in the periodic 
table. The reaction mixture was prepared to give a final con- 
centration of 0.75% human y-globulin in a solution which was 
0.75 m in phosphate buffer at pH 7.1, 0.5 M in H2Os, and 1.88 x 
10-4 mM in metallic ion. Catalase was added after 230 minutes 
to stop the reaction by decomposition of HzO. The absorbaney 
ratio (280 my to 250 mu) was determined for the reaction sample, 
for a control lacking the y-globulin in order to check for com- 
plete removal of the H2Os, and for a solution of the original pro- 
tein plus the metallic cation. As expected, cupric ion gave an 
absorbancy ratio of 0.75 whether the reaction mixture was dia- 
lyzed or not and most of the protein had an so, = 18 (see Fig. 
1B). Cobalt (Co*++) had some effect; the product was mostly 3.6 
S material, and the absorbancy ratio had fallen to 1.0 with 
no change on dialysis. Neither Zn++ nor Ni++ brought about 
any change in S82,. or in the spectrum. Even when the Zn** 
concentration was raised by a factor of 10, no reaction was ap- 
parent, nor did this concentration of Znt++ inhibit the reaction 
when the usual amount of Cut++ was added. Fet+, Fe+++*, Cd**, 
and Mn++ had no effect on s20,...and produced no spectral change. 
Although different salts of the metals were used and there may 
be some effect of pH, it seems clear that the cupric ion is highly 
specific for catalysis of the peroxidative cleavage of proteins. 
It was quite unexpected that Fe++, Fe+++, and Mnt*+ were in- 
effective, for these cations particularly Fe++ strongly catalyze 
the decomposition of H.O2 with the formation of intermediate 


peroxides and free radicals (19). This suggests that the Cu** 


may have a high affinity for some of the bonds cleaved and the 
residues attacked in the peroxidative reaction. It is surprising 
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that enzymatic decomposition of the H,O, had no effect on either 
the S20,~ or absorbancy of the protein. 

Peroxide Concentration—The effect of peroxide concentration 
was examined qualitatively by means of the spectral change 
with check points being run in the ultracentrifuge. The reac- 
tion was carried out at 7 X 10-5 mM Cut+ for 5 hours and at vary- 
ing concentrations of peroxide. With peroxide at 0.1 M, very 
little of the more slowly sedimenting components were formed 
during this time interval. On the other hand, at a peroxide 
concentration of 1.4 M, the ultracentrifuge pattern indicated ap- 
proximately 75% 158 material. The effect of peroxide concen- 
tration varied smoothly between these extremes. 

Effects of pH and Versene—The rate of production of new ultra- 
centrifugal components was shown to depend significantly on 
pH in the region below the isoelectric point of y-globulin. For 
example, at pH 4.7, only a little of the 3.6 S component was 
formed under conditions which led to 50% 1.1S at pH 7. From 
pH 7 to 12 little change in rate was observed if a trace of am- 
monia was added to solubilize the copper. The correlation be- 
tween spectral change and ultracentrifugal composition did not 
hold at different pH values of reaction. For example, when the 
reaction was run at pH 4.7, the absorbancy ratio of a solution 
containing 78% 6.5 S and 22% 3.6S was 1.4. When formed at 
pH 7.1, a 100% 3.65 solution gave a ratio of 1.45, and reaction 
at pH 12 gave a ratio of 1.68 for a solution containing 30% 1.1 
S. All the spectra were obtained after dialysis of the reacted 
sample against 0.2 mM NaCl. 

Addition of Versene to a final concentration of 0.01 mM com- 
pletely inhibited both the spectral change and the formation of 
the 3.6 S and 1.1 S components; hence, this method was used to 
stop the reaction at the desired time. This is further evidence 
for the catalytic effect of Cu*+. 


Physical Properties of Oxidation Products of y-Globulin 


Molecular Weight—In view of the apparent stepwise decrease 
iN $9, Of the protein during the reaction, the average molecular 


' weights of the reaction products were estimated for a number of 


samples by use of the Archibald approach-to-equilibrium method. 
These experiments were complicated by the presence of high 
molecular weight material in nearly every preparation. The 
amount of this heavy material increased with the appearance 
of the 3.6 S product and was again diminished when 1.1 S ma- 
terial was formed. Preparations of the 3.6 S component gen- 
erally exhibited a blueness typical of Rayleigh light scattering, 
which could be partially removed by high speed centrifugation 
in the preparative ultracentrifuge. Although this aggregation 
did not seriously affect the ultracentrifugal examination of the 
more slowly sedimenting products, its presence complicated the 
estimation of their molecular weight. 

Because of the aggregation and the fact that mixtures of the 
products were generally formed in the reaction, the weight aver- 
age molecular weight calculated at the meniscus would be ex- 
pected to decrease with time as centrifugation proceeds. This 


proved to be the case for all samples except one. That sample 
was an acid-soluble fraction of the oxidized protein (see below) 
and consisted of a single component with an 8,,, of 1.02 S. No 
detectable aggregates or other components were present. A 
plot of the molecular weight against time for this sample in the 
Archibald experiment gave a straight line of slightly positive 
slope which extrapolated to a molecular weight of 10,000 at zero 


R. A. Phelps, K. E. Neet, L. T. Lynn, and F. W. Putnam - 99 


time. The synthetic boundary run in the ultracentrifuge, which 
was done in connection with the Archibald experiment, was also 
used to estimate the apparent diffusion constant of this material 
during sedimentation. A value of about 13 x 10-7 em? sec" 
was obtained, and this, in conjunction with the s2,,, of 1 S and 
a measured partial specific volume of 0.77, yielded a molecular 
weight of about 8,000. 

All other samples showed molecular weight versus time curves 
having negative slopes. For samples that contained a fair 
amount of 1 S material, the curves eventually leveled off at a 
value near that obtained for the acid-soluble fraction just de- 
scribed. In addition, all of the curves exhibited several points 
of inflection and by analysis* of these curves and a knowledge 
of the ultracentrifugal composition of the various samples, a 
tentative value of 70,000 was arrived at as the molecular weight 
of the 3.6 S component. 

Viscosity measurements correlated well with the view that 
the more slowly sedimenting components represent fragments 
of the y-globulin molecule. Although 3.6 S material which had 
been ultracentrifuged to remove heavy aggregates gave an in- 
trinsic viscosity of 0.08, which was somewhat higher than that 
given by native protein, this value was not high enough to ac- 
count for the greatly reduced s2,~. An intrinsic viscosity of 
0.04 was obtained for the 1.1 S material. 

Electrophoretic Analysis—Analysis of the 3.6 S material re- 
vealed very little difference in the apparent heterogeneity of 
this substance and whole y-globulin, as indicated by the spread- 
ing of the migrating boundaries. On the other hand, the mo- 
bility in pH 8.6 Veronal buffer of the 3.6 S material was increased 
to —3.4 X 10-5 cm? volt—! sec-! compared to —1.5 for the native 
protein. 

Fig. 3 summarizes the electrophoretic data which have been 
obtained on the 1.1 S material. Pattern B represents the elec- 
trophoretic analysis obtained for material which consisted en- 
tirely of 1.1 S component. Several points may be observed in 
comparison with the analysis of the untreated protein, Fig. 3.4. 
First, the mobility of the 1.1 S material has increased to —4.7 


3 All of these samples gave molecular weight versus time curves 
that were quite similar in having inflection points at corresponding 
times after the start of the Archibald experiment. On a compari- 
son of the time course of sedimentation of the samples with their 
molecular weight versus time curves, it appeared that the inflec- 
tion points in these curves represented the disappearance of com- 
ponents from the meniscus. The segments of the curves between 
these inflection points were relatively straight. These segments 
were extrapolated to zero time, and the values obtained taken as 
the weight average molecular weight of a mixture of the com- 
ponents remaining at the meniscus during that segment in the 
proportions in which they existed in the sample before centrifuga- 
tion. With assumption of 10,000 for the molecular weight of the 
1.1 S material and 160,000 for the 6.5 S unreacted component and 
with ultracentrifugal analysis to determine the relative amounts 
of the various components, values of 68,000 and 70,000 were ob- 
tained in two experiments for the 3.5 S product. 

Although this interpretation of the data does not rest on a firm 
theoretical foundation, it is pertinent to note that molecular 
weights calculated from the z-average molecular weight obtained 
for certain portions of the described curves by the method out- 
lined recently by Erlander and Foster (20) agreed quite well with 
the values obtained here. However, since some portions of the 
curves, especially those involving components at low concentra- 
tion, showed so much scatter when treated according to the Er- 
lander and Foster method, it was impossible to draw conclusions 


from them. 
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Be -15 as the isolated component or in the presence of the other compo. 
As — Normal y - globulin nents. No explanation of this behavior was found. | 
ie Modification in Amino Acid Residues 
The suitability of peroxidative cleavage for affording a pos. 
sible path for structural study of proteins would depend both 
2-49 on the specificity of the reaction and the type of alterations pro. 


Acid Insoluble Fraction 
of the |S Product 


Acid Soluble Fraction 
8) ae of the 1S Product 
Isolated non-mobile Compo- 
t 
E wee nent of Acid Soluble Fraction 


Fic. 3. Electrophoretic diagrams of normal human y-globulin 
and various fractions of the 1 S-oxidized product. The time of 
electrophoresis is indicated under each pattern, and mobilities (z) 
calculated for the maximum of the Schlieren diagram in each pat- 
tern except FE are given. 


em? volt“! Second, a considerably greater spread 
in the migrating boundary is shown. Finally, a greater amount 
of substance appears to remain at the starting position. 

The solubility properties of both the 3.6 S and the 1.1 S prod- 
ucts are considerably changed from those of the native protein. 
For example, addition of pH 4 acetate buffer to a final concen- 
tration of 0.2 m precipitates portions of each of these materials. 
In the case of the 1.1 8S product, this precipitate may be removed 
from the supernatant solution, redissolved at pH 9 by adjust- 
ment with dilute alkali, and dialyzed against the solutions used 
for electrophoretic or ultracentrifugal analysis; 7.e. pH 8.6 Ver- 
onal or 0.2 Mm NaCl, respectively. Under these conditions the 
redissolved material remains completely soluble. Ultracentrif- 
ugal analyses of this fraction generally indicated some aggrega- 
tion and gave an average S29,.. for the main component of 1.6 8S. 
Pattern C of Fig. 3 represents the electrophoretic analysis of this 
fraction. It may be seen that the acid-insoluble fraction shows 
a more symmetrical migrating boundary than the whole 1 8 
material and that less protein remains at the starting position 
during the electrophoresis. | 

Pattern D of Fig. 3 gives the electrophoretic pattern of the 
acid-soluble fraction. A considerable proportion of this fraction 
does not migrate under these conditions. Also, although the 
maximum of the migrating boundary has the same mobility as 
the precipitate, this boundary is considerably more diffuse and 
asymmetrical indicating greater heterogeneity. This electro- 
phoresis experiment was allowed to continue until the migrating 
boundary had moved out of the descending channel of the elec- 
trophoresis cell. The material remaining in this channel, that 
is, the nonmobile material, was reclaimed, redialyzed, and again 
subjected to electrophoresis. The resulting pattern, FL, shows 
that the material remaining at the starting position is indeed a 
true fraction of the 1.1 S material and not an artifact. It is 
clear then that the 1.1 S product formed in this experiment con- 
sists of several fractions which differ in electrophoretic and solu- 
bility properties. 

Very similar results were obtained when these fractions were 
analyzed at pH 5.5. The expected lower negative mobilities 
were observed in most cases. The one exception was the non- 
mobile material, which also failed to migrate at this pH, either 


duced in the amino acid residues. This question was investi. 
gated by amino acid analysis of the protein fragments and also 
of a reference mixture of amino acids and glucosamine that was 
subjected to similar treatment. 

Oxidative Destruction of Free Amino Acids—For comparative 
purposes, experiments were performed to ascertain the suscepti- 
bility of free amino acids to oxidative destruction upon treat- 
ment with HO. and Cut*+ at concentrations comparable to those 
used to cleave y-globulin and other proteins. Glucosamine and 
tryptophan were added to the standard mixture of 18 amino 
acids used to calibrate the analyzer. The amino acids were all 
present at equimolar concentrations (0.1 um per ml). To simu- 
late conditions employed to prepare 3.5 S fragments of -glob- 
ulin, Cut++ and H2O2 were added to give a final concentration of 
1.2 x 10-4 m and 0.53 , respectively (Experiment I). In an- 
alogy to the formation of 1 S material, Cu++ and H2Os2 were added 
to a final concentration of 2.56 X 10-‘M and 0.70 , respectively 
(Experiment II). In both cases the reaction was stopped after 
5 hours by the addition of Versene, after which the H.O, was 
destroyed by the addition of catalase. The solutions were boiled 
to precipitate the denatured enzyme, centrifuged, and adjusted 
to pH 2.0 before amino acid analysis. In both cases the recovery 
of ninhydrin-reactive equivalents was 101%; this figure includes 
any new components and assumes for them an average micro- 
molar color yield equivalent to that of aspartic acid. It was 
recognized that this procedure was more rigorous than the re- 
action conditions with proteins, for catalase rather than dialysis 
had to be used to remove the H.O2. However, the catalase 
treatment had not affected either the $20, or the absorbancy 
ratio of y-globulin in the experiments with other metal ions. 

Only about half of the amino acids were unaffected by the 
above procedure, notably the branched chain and dicarboxylic 
acids, and also lysine, proline, and serine (Table I). A small 
and possibly progressive loss was incurred by threonine and 
arginine, but an apparent increase in glycine and possibly alanine 
was shown. There was a progressive drop in glucosamine and 
the aromatic amino acids, extensive destruction of tryptophan, 
and a total disappearance of histidine and of the unoxidized 
forms of methionine and cystine. There was a concomitant 
appearance of methionine sulfoxides, methionine suifone, and 
cysteic acid, and a several-fold increase in ammonia. In addi- 
tion, up to nine minor unidentified components that were reac- 
tive to ninhydrin appeared. The first three were on the short 
column for basic amino acids. Four showed up on the long col- 
umn between cysteic acid and the methionine sulfoxides. Sepa- 
rate experiments on the copper-catalyzed oxidation of histidine 
with H.O, indicated that the first of these four represented Ver- 
sene (or an impurity or oxidized derivative thereof) and that the 
later three were derived from histidine, which also accounted 
for much of the increase in ammonia. Two of the three un- 
identified products of treatment of histidine with H,02 and Cu** 
did not appear in Experiment I under the milder oxidation con- 
ditions for the standard amino acid mixture. The eighth new 
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component was eluted just before glutamic acid in both experi- 
ments, but the ninth, which separated between proline and gly- 
cine, was found only under the more rigorous conditions of Ex- 
periment Il. 

Amino Acid Analysis of 3.5 S and 1 S Fragments—A number 
of amino acid analyses were made of the 3.5 S and 1 S fragments 
and mixtures thereof. These were done to ascertain the relative 
susceptibility to oxidation and the degree of alteration of differ- 
ent amino acids when combined in the polypeptide chains of 
the protein. Since the heterogeneity of the fragments and their 
progressive change in properties had already been established 
by the ultracentrifugal and electrophoretic studies, it seemed 
inappropriate to present the data as representing the quantita- 
tive composition of the 3.5 S and 1S fragments. Accordingly, 
in Table I, the results are expressed as the percentage alteration 
in the residue compared to its occurrence in the native protein. 
For example, in the 3.5 S material of Table I, lysine accounted 
for 9.85% of the amino acid nitrogen in the acid hydrolysate, 
compared to 9.9% in the native protein; hence the percentage 
change was about 0.5%, which is recorded as 0%. It should be 
recognized that a change in the relative abundance of a residue 
may occur either as a result of chemical modification of the resi- 
due or by an altered composition of the fragments owing to loss 
of dialyzable material, insolubility of some of the heterogeneous 
product, etc. 

All the analyses indicated (a) considerable destruction or 
modification of histidine, (b) a partial disappearance of cystine 
and methionine with the formation of their oxidized derivatives, 
and (c) an apparent change in glucosamine and the aromatic 
amino acids. Although tryptophan is destroyed by acid hy- 
drolysis of a protein, it is so extensively modified as the free 
amino acid that separate analyses were not thought worth-while. 

In the case of the y-globulin fragments, the apparent sma!] 
increase in the relative abundance of arginine and aspartic acid 
and the small decline in lysine, proline, valine, and the leucines 
is thought to reflect a change in composition rather than altera- 
tion of the residues, for (a) these are all among the group little 
affected by oxidative treatment of the free amino acids and (6) 
no new unidentified components appeared. On the other hand, 
the decline in histidine, cystine, tyrosine, and phenylalanine is 
considered significant not only because of the magnitude, but 
also because (a) the decline is progressive, (b) it is greater and 
is either progressive or complete for the free amino acids, and 
(c) it is accompanied by the expected oxidation products of 
cystine, methionine, and histidine. The degree to which glucos- 
amine was altered is uncertain because a skewed double peak 
of increased area appeared in the short column and correction 
was attempted by use of the less accurate glucosamine peak 
from the long column. 

With the exception of the double peak at glucosamine, un- 
identified components other than the nine described above were 
not found in the hydrolysates of the 3.5 S and 1 S fragments. 
The third and seventh unidentified peaks of Experiment II were 
barely detectable (approximately 0.002 um) in the analysis of 
the 3.5 S fragments, and these peaks together with the first, 
third, and fifth peaks of Experiment II were found at about the 
same level in the 1 S fragments. The sum of these peaks repre- 
sented only about 0.1% of the total ninhydrin color of the hy- 
drolysate of the 3.5 S fragments and about 0.3% for the 1 S 
fragments. 
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TABLE I 


Percentage change in relative abundance of individual amino acids 
after cleavage of y-globulin to form 3.5 S and 1 S fragments 
and after oxidation of standard amino acid mizture 


The y-globulin fragment samples analyzed contained 75% 3.5 
S and 25% 6.6 S material in the one case and 100% 1 S material 
in the other. In the case of the dialyzed 3.5 S and 1S fragments 
the data are referred to the composition of unoxidized y-globulin 
and may reflect either a change in over-all composition or the 
chemical modification of the amino acid residues. All analyses 
were done in duplicate. Parentheses indicate components absent 
in the unoxidized protein and in the standard amino acid mixture. 
In these cases, the percentage is referred to the unoxidized form 
of the amino acid originally present. Unidentified peaks are not 


indicated. 

Standard amino acid +-Globulin 

mixture fragments 

+5 0 0 —9 
Histidine............ — 100 — 100 —69 — 84 
Ammonia............ +136 +175 +31 +67 
Arginine............. —7 —l1 +9 +9 
Glucosamine......... — 46 — 59 +15* — 5* 
Tryptophan......... — 84 —92 t t 
Cysteic acid......... (+76)¢ | (4+125)t| (+20) (+64) 
Methionine sulf- 

(+81) (+62) (+15) (+35) 
Methionine sulfone. . (+5) (+5) (+10) (+33) 
Aspartic acid........ +5 —3 +9 +19 
Threonine........... —7 —15 0 —2 
Glutamic acid....... +3 0 —5 —2 
Proline.............. +9 +4 —10 —13 
Glycine.............. +13 +27 —1 +1 
+5 +11 —2 0 
Half-cystine......... — 100 — 100 
+3 +3 —10 —15 
Methionine.......... — 100 — 100 —2 —48 
Isoleucine........... —1 0 —5 —9 
Leucine............. —1 —3 —1 —8 
Tyrosine............ —18 —29 —11 — 30 
Phenylalanine....... — 23 | —35 —4 —19 


* Skewed double peak in the short column found only in the 
oxidized protein. Correction attempted by use of the less ac- 
curate glucosamine peak separated after phenylalanine. 

t Destroyed in acid hydrolysis. No separate analysis made. 

t Peak overlapped with Versene; a correction was attempted. 


In general, the susceptible amino acid residues appeared to be 
more resistant to oxidative attack when combined in the pro- 
tein, for at comparable H.O2 and Cut+* concentrations, cystine, 
methionine, and histidine are totally destroyed in the uncom- 
bined form, but not in the protein. However, it is clear that 


the extensive modification in the protein side chains and prob- 
ably in glucosamine as well as the probable cleavage of peptide 
bonds of some heterocyclic residues detracts greatly from the 
utility of the peroxidative cleavage method for structural studies 
on proteins. 
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Correlative Study of Other Proteins and Other Cleavage Methods 


Effect of Copper and Peroxide on Other Proteins—The procedure 
for oxidative fragmentation described for human y-globulin in 
the previous sections was tested on a variety of other proteins 
with the results summarized in Tabie II. Except in the case 
of ovalbumin, the analyses of the products do not include com- 
ponents with an so, greater than the original substance. How- 
ever, after reaction most of the proteins contained a small amount 
of a very high molecular weight and quite heterogeneous ma- 
terial, the relative concentration of which could not be evaluated 
by ultracentrifugal analysis under the usual conditions. 

Table II illustrates the fact that all of the proteins examined 
except ribonuclease underwent some change in ultracentrifugal 
properties as the result of exposure to the reagents. Moreover, 
all of the proteins including ribonuclease (which contains no 
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tryptophan) showed the spectral shift described for human y. 
globulin. The y-globulins from the cow and rabbit, and the 
abnormal human proteins (the myeloma globulin and the macro. 
globulin) paralleled closely the behavior of the human protein, 
although rabbit y-globulin did exhibit the intermediate 4.9 § 
component seen only at very early times for human y-globulin, 
Both the Bence-Jones protein and ovalbumin, each with a mo. 
lecular weight of about 44,000 and an sa, of 3.6 S, were cop. 
verted to 1 S material. The albumins, however, were more 
resistant, and the concentration of Cu++ and H2O:2 had to be dou- 
bled to obtain quantitative conversion to a 1.5 S product. Ar. 
chibald analysis of this product for the bovine albumin indicated 
a molecular weight around 10,000. The low molecular weight 
proteins were relatively little affected. At quite a high Cu+ 
concentration, lysozyme showed only a small change in 82»,,, but 


TABLE II 
Fragmentation of various proteins by reaction with hydrogen peroxide and cupric ion* 
| Sedimentation constant Absorbancy ratio 
Protein Molar ratio NH2-terminal resid 
| Before % After Before After 
| Cu*+/ protein 280 my/250 my 
1. Cutt, 12 X 10-5 mM; H202,0.5M; 
reaction time, 5.5 hours | 
Human y-globulin............. | 2 2-3 6.6 45 3.7 2.2 1.04 
| 55 1.3 
Rabbit y-globulin............... 2 1 6.6 22 4.9 B77 1.23 
| 55 3.4 
23 0.9 
Bovine y-globulin............. | 2 1 6.6 48 3.7 2.7 1.15 
| 52 1.0 
| 0.53 0 3.5 19 13.7 2.7 0.74 
| 81 1.2 
Human serum albumin........ | 0.84 1 4.6 90 3.4 2.1 1.2 
| 10 1.0 
Bovine serum albumin.........) 0.84 1 4.4 90 3.8 2.3 1.4 
| 10 1.5 
| 0.16 1 1.67 100 1.65 2.2 1.12 
Myeloma globulin............. | 3 14, 9.5, 7T 38 3.7 1.9 0.78 
| 62 1.0 
Macrogiobulin................ | 33,7 26, 18f 38 3.2 2.0 0.92 
62 1.2 
Bence-Jones protein........... 0.53 3.6 100 1.1 2.7 0.94 
2. 24 X 107-5 M; H202, 1.0 M; 
reaction time, 5.5 hours 
Human serum albumin ........ 1.7 1 4.6 100 1.4 2.1 0.91 
Bovine serum albumin......... He 1 4.4 100 1.6 2.3 0.84 
3. Cutt, 100 X m; H202,0.5M; 
reaction time, 5 hours 
1 1.87 100 1.5 2.4 0.47 


* soo. is given for a protein concentration of 1% in all cases. The percentage refers to the ultracentrifugal distribution after the 
reaction. The molecular weight of normal human, rabbit, and bovine y-globulin is assumed to be 160,000 (23), and the end groups 


for the heterogeneous myeloma globulin are calculated to the same basis. 
albumin, as 70,000; ovalbumin and Bence-Jones protein, 44,000; ribonuclease, 13,700; and lysozyme, 17,400. Where the NH:-terminal — 


The molecular weights taken are: human and bovine serum 


residues are not stoichiometric, the sum is given for comparative purposes. 
+ Values for the unreacted protein obtained in this laboratory. Values given for the other unreacted proteins are from the literature 


t Major component. 
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no change in molecular weight. The surprising result is that 
despite the wide range in molecular weight and amino acid com- 
position of the proteins studied, all but the basic proteins of low 
molecular weight were degraded to products with an s20,.. of from 
1.0 to 1.58. This was true even if the original protein had only 
one reported NH2-terminal group and presumably consisted of a 
single polypeptide chain. 

An amino acid analysis was carried out on ribonuclease, oxi- 
dized to a point at which it exhibited an absorbancy ratio (280 
my to 250 my) of 0.77 but gave no evidence of a decrease in mo- 
lecular weight. The changes in amino acid composition were 
altogether similar to those noted in the case of y-globulin with 
the exception that decreases in tyrosine and phenylalanine were 
more marked and glucosamine is not present. 

Other Chemical Reactions—In addition to peroxidative cleav- 
age, the fragmentation of human y-globulin was studied with 
use of three other reactions, the details of which are described 
under “Experimental Procedures.’’ The study included: the 
attack on the tryptophany! and tyrosyl peptide bonds and the 
aromatic portions of these residues by N-bromosuccinimide; the 
reduction of disulfide bonds with thioglycolic acid followed by 
the alkylation of the resulting sulfhydryl groups with iodoacet- 
amide to stabilize the products; and the addition of sulfite at 
disulfide bonds to cleave these groups and yield the S-sulfo pro- 
tein as the derivative. 

The products of each of these reactions were generally unstable, 
precipitating or aggregating in the salt solutions usually used 
for ultracentrifugal analysis. Suspension of the products in 6 
M urea was required in most cases to yield solutions which could 
be analyzed. The results discussed in this section, therefore, 
were all obtained from urea solutions of the protein. 

Ultracentrifugal analysis of a sample of human y-globulin 
which had been reacted with 0.01 m N-bromosuccinimide indi- 
cated at least two components the sedimentation constants of 
which were 5.36 S and 2.34 S after correction for the density 
and viscosity of the urea solution. A second sample reacted 
with 0.05 m N-bromosuccinimide had a single component with 
aN 8, of 2.41 S but gave no evidence of more slowly sediment- 
ingmaterial. The ultraviolet absorption spectrum of the bromi- 
nated samples was completely changed in accordance with re- 
ported observations (6). No maximum was discernible at 280 
mu. It is difficult to conclude whether or not the new slowly 
sedimenting components represent fragments similar to those 
formed in the oxidation reaction since the effect of urea on the 
sedimentation behavior of the brominated protein cannot be 
estimated. 

A sample of human y-globulin which had undergone the re- 
duction-alkylation sequence of reactions showed two compo- 
nents, the sedimentation constants of which were 1.65 S and 
3.308. No difference between the spectrum of this sample and 
normal protein, both in urea, could be detected. No direct 
measure of the molecular weight of the reduced-alkylated sample 
has been obtained. However, the following data were obtained 
to compare the products of this reaction with those of the oxida- 
tion. When an oxidized sample was examined in the ultracentri- 
fuge in 6 M urea, it gave a corrected sedimentation constant of 
1.538. The usual change in spectrum which accompanies oxi- 
dation was observed in the urea solution. Oxidation of the re- 
duced-alkylated sample or reduction-alkylation of the oxidized 
sample led to a single sedimenting boundary in 6 M urea. The 
8,» Of this boundary in both cases was 1.75 S. A spectrum 
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characteristic of the oxidized sample was obtained in both cases. 
These results strongly suggest that the products of the peroxi- 
dative reaction and of reduction-alkylation were quite similar 
with respect to molecular size. 

Ultracentrifugal analysis of a sample of human y-globulin 
which had been treated with sodium sulfite indicated a composi- 
tion of 44% 1.6, 36% 4.2, and 20% 12 8. Archibald analysis 
gave a weight average molecular weight at the meniscus 
of 125,000 (extrapolated to the beginning of centrifugation) with 
a sharp decline in the value with time. These data are con- 
sistent with a combination of components of molecular weight, 
10,000, 80,000, and 480,000. Thus, the fragmentation of human 
y-globulin by sulfite seems probable. : 

The reduction-alkylation and sulfite reactions were also car- 
ried out with bovine serum albumin, the products being stabilized 
in urea. In both cases a somewhat diminished sedimentation 
constant resulted, but Archibald analyses indicated no changes 
in molecular weight in either reaction. 

Fragmentation by Heating—During the course of this study it 
was observed that prolonged heating of various proteins under 
a variety of conditions resulted in their fragmentation. The 
proteins studied were human y-globulin, bovine serum albumin, 
and a Bence-Jones protein. In each case, components with 
sedimentation constants in the 1 S range were formed when the 
samples were heated for a sufficient length of time. For exam- 
ple, when human y-globulin was heated at 90° in pH 9.8, glycine 
buffer of 0.10 ionic strength, a gel first formed, but after 24 hours 
at this temperature, a clear solution was obtained. Ultracen- 
trifugal analysis of this sample indicated a single component of 
82,0 = 1.4 8. Electrophoretic analysis of the same sample 
gave results paralleling very closely those obtained for the 1.1 
S product of the oxidized protein (Pattern B, Fig. 3) with per- 
haps somewhat more material in the nonmobile fraction. 

Heating of y-globulin at lower pH values down to pH 3 also 
yielded material in the 1 S range, but it was often accompanied 
by varying amounts of aggregate. No ultracentrifugal com- 
ponents other than the unreacted 6.5 S material and the 1 S 
product were ever observed as the result of heating human y- 
globulin except for aggregates of s2,.. varying from 8.5 S to 36 S. 
Although the nature of this reaction was not investigated further, 
the absence of a spectrum of components of sizes intermediate 
between those of the 6.5 S and the 1 S materials seems to indicate 
some specific cleavage of the material into subunits. The elec- 
trophoretic data strongly suggest that these subunits are very 
similar to those produced in the oxidation reaction. ; 

The effects of heating serum albumin and Bence-Jones protein 
were also quite similar to those produced by the oxidation of 
these proteins. However, no spectral changes were observed as 
the result of heating for any of the proteins investigated. 


DISCUSSION 


In view of the fact that only two to three NH:-terminal resi- 
dues have been reported (21, 22) for the human y-globulin mole- 
cule, it is surprising that this protein is apparently cleaved into 
a number of seemingly definite, rather low molecular weight 
fragments by the variety of reactions which have been studied. 
Indeed, on the basis of previous information, reaction with N- 
bromosuccinimide would be the only instance in which one might 
expect to achieve specific, low molecular weight fragments. 
Nevertheless, the bromination reaction does not appear to give 
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rise readily to fragments of as low a molecular weight as with 
the other reagent systems. 

The production from human y-globulin of low molecular 
weight fragments by the two reactions which presumably would 
break only disulfide bonds, 7.e. sulfite substitution and reduction- 
alkylation seems to indicate the presence in this protein of a num- 
ber of separate polypeptide chains joined together at cvstine 
residues. In view of the small size of the 1.1 S fragments, fur- 
ther study would be required to reconcile the above conclusion 
with the reported finding of only 2 to 3 NH.-terminal residues 
(21, 22), which corresponds to chains of 50,000 to 80,000 in aver- 
age length. The conclusion that sulfite substitution and reduc- 
tion-alkylation break only disulfide bonds does correlate with 
the failure of these reagents to cleave bovine serum albumin for 
which a single mole of NH.-terminal aspartic acid per mole of 
protein has been reported (23). Further study of the reaction 
products, particularly to determine that no bonds other than 
disulfide are attacked, is clearly indicated before this conclusion 
can be put on a firm foundation. 

The analysis of the fragmentation of proteins produced by 
oxidation presents an even more difficult problem because of the 
modification of so many amino acids. Whereas cystine residues 
are oxidized to cysteic acid and methionine to the sulfoxides and 
sulfone, the simultaneous attack on heterocyclic amino acids, 
i.e. histidine and presumably tryptophan, as well as the altera- 
tion of aromatic amino acids, leads one to suspect the possibility 
of rupture of the polypeptide chain at various points. This 
inference is supported by the fact that oxidation also fragments 
serum albumin, but the reagents which attack only disulfide 
bonds do not. (The requirement for increasing the molar ratio 
of Cut++ to about 2:1 for serum albumin may be related to the 
formation of a 1:1 copper-albumin complex independent of 
sulfhydryl (24, 25).) In addition, it must be emphasized ‘that 
other authors (9) have reported that performic acid oxidation 
of serum albumin at room temperature results in the rupture of 
some peptide bonds. Nevertheless, for human y-globulin, there 
is a surprising similarity in the apparent size of the products 
formed by oxidation and those produced by the disulfide-specific 
reagents. Furthermore, these products do not seem to be of 
the same size as those produced in the oxidative cleavage of 
tyrosyl and tryptophany! peptide bonds by N-bromosuccinimide. 
The apparent failure of oxidation to cleave either ribonuclease 
or lysozyme even though histidine and presumably tryptophan 
are attacked indicates that modification of these residues does 
not necessarily result in rupture of peptide bonds.‘ 


4 There is no clear evidence for a cleavage of peptide bonds in 
the Cut*-H.O:2 reaction apart from the discrepancy between the 
number of polypeptide chains expected from NH>- terminal group 
analysis of human y-globulin (2 to 3) and the number of fragments 
obtained upon oxidation (a maximum of 16, assuming a minimal 
molecular weight of 10,000). Qualitative end group analysis has 
been done by the fluorodinitrobenzene method (4) on dialyzed 
preparations of the oxidized protein. One preparation was ob- 
tained after reaction for 5 hours with 0.5 m H2O:2 in the presence of 
6 X 10-5 m Cut*; it contained a mixture of 6S and 3.7 S components 
and had an absorbancy ratio (280 my to 250 mu) of 1.65. The 
other sample was prepared by reaction for 5 hours with 0.5 m 
H.O2 in the presence of 20 X 10-5 m Cut; it was a mixture of 3.1 
S and 1.4 S components and had an absorbancy ratio of 0.97. In 
both cases, the only ether-soluble dinitrophenyl amino acids ap- 
pearing on the chromatogram in major amounts were aspartic and 
glutamic acids. Serine and possibly threonine were present in 
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Analogous observations were made regarding the size of the 
fragments formed on prolonged heating of human +¥-globulip. 
Instead of products of a wide range of sedimentation constants 
that one might expect as the result of a random hydrolysis, g 
single, rather well defined component with an 82, of about 1 § 
is obtained. Similarly, rather than a nearly continuous distriby. 
tion of mobilities, the electrophoretic diagram of the heat-pro. 
duced fragments, like that of the oxidized sample, shows at 
least two discrete components, only one of which exhibits much 
spreading. 

A proposal for the mechanism of the cupric ion catalysis of the 
peroxidative cleavage of proteins will not be attempted in this 
communication. However, several facts should be noted: (q) 
Although high concentrations of H.O2 are required, these are 
relatively without effect on the protein in the absence of the 
cupric ion. (b) The reaction is stopped by Versene, presumably 
because of the chelation of Cutt. (c) The reaction is highly 
specific for copper, neither nickel nor iron being effective. (d) 
The reaction does not appear to involve free radicals in solv- 
tion, for neither the enzymatic nor the metal ion-catalyzed de- 
composition of H2O-2 is effective. (e) Cut** is required at a ratio 
of only 1 to 2 moles per mole of protein. 

Both the kinetics of the reaction and the nearly stoichiometric 
copper requirement suggest the combination of 1 mole of Cut+ 
at each cleavage point, whether at a disulfide bond or hetero- 
cyclic ring. The bound copper may then form an intermediate 
peroxide which attacks the susceptible bond. Ingraham (11), 
who was interested in developing a model for copper oxidases, 
has investigated the kinetics of the reaction between catechol, 
hydrogen peroxide, and cupric ion. He concluded that the ow- 
dant was the cupryl peroxide ion, CutOOH. 

The cupric ion-catalyzed cleavage of y-globulin by H,0, at 
first gave promise for structural studies because of the stepwise 
production of 3.5 S and 1 S fragments possibly representative 
of subunits in the molecule. However, the extensive alterations 
in some of the amino acid residues such as methionine, histidine, 
cystine, presumably in tryptophan, and apparently in the aro- 
matic amino acids and glucosamine have proved to be a com- 
plicating factor. Furthermore, the 1 S material appears to 
represent a variety of fragments, perhaps in varying states of deg- 
radation as judged both by ultracentrifugal and electrophoretic 
evidence. These results have eliminated the idea that the per- 
oxidative cleavage may produce specific subunits of use for struc- 
tural studies. In comparison to reduction-alkylation or sulfite 
substitution, the oxidative cleavage does have the advantage of 
producing products almost completely soluble in neutral buffers 
in the absence of concentrated urea. To be sure, the 1 S frag- 
ments can be partially precipitated and fractionated by adjust- 
ing to pH 4, and the insolubility at this pH increases with the 
time of reaction. It should be pointed out that although aggre- 
gation of the fragments was a complicating factor in ultracen- 
trifugal studies in some cases, concentration was without ap- 
preciable effect on either the 829,, or the relative distribution of 
components in mixtures containing largely 3.6 S material. The 


minor amounts. These end groups are the same as those reported 
for normal human y-globulin (21, 22). Although further study by 
quantitative methods is underway, it would appear that new 
amino end groups were not liberated by the oxidative reaction. 
This is difficult to explain in the case of the 1 S product, but the 
3.6 S product might well correspond to the individual polypeptide 
chains of the original protein. 


e 
iD 
cl 
lit 
m 
su 
In 
ac 
0} 
ge 
bo 
st 
1. 
2. 
3. 
4. 
5. 


January 1961 


effect of concentration on the sedimentation of 1 S material was 
obviously harder to estimate. 


SUMMARY 


The reaction of human y-globulin with hydrogen peroxide 
when catalyzed by cupric ion produces 3.5 S and 1 S fragments 
in stepwise fashion. The cleavage reaction requires copper spe- 
cifically and at a ratio about equimolar with that of the protein. 
The 1 S fragments have a molecular weight of about 10,000, but 
little dialyzable material is formed. Peroxidative cleavage of a 
variety of other proteins produces similar fragments. The frag- 
ments formed by peroxidative cleavage of human y-globulin have 
been compared with those produced by the action of N-bromo- 
succinimide, sulfite, reduction-alkylation, or prolonged heating. 
In peroxidative cleavage the heterocyclic and aromatic amino 
acids are modified, and the sulfur-containing amino acids are 
oxidized. Glucosamine is likewise altered. These changes, to- 
gether with the possibility of random cleavage of the peptide 
bond, greatly detract from the usefulness of the procedure for 
structural studies. 
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The possibility of introducing synthetic tertiary bonds into a 
protein molecule has received considerable attention in recent 
years, and a variety of reagents and methods have been studied. 
Alexander et al. (1) have surveyed the reactions of a series of 
bifunctional reagents such as mustards, epoxides, ethyleneimines, 
sulfonyvloxides, and dihalogeno-2,4-dinitrobenzenes with wool 
and with serum albumin. Benesch and Benesch (2) and Klotz 
and Stryker (3) have used another approach, introducing sulfhy- 
dryl groups into the protein molecule by reaction with thiolac- 
tones and mercaptosuccinic anhydride, respectively, and then 
by subsequent oxidation converting the sulfhydryls to disulfide 
linkages, with production of large numbers of intramolecular 
tertiary bonds. Zahn et al. (4-10) have added some new bi- 
functional reagents to the compounds used by Alexander et al., 
and have studied the reaction of these reagents with both amino 
acids and proteins. Some of the compounds studied in Zahn’s 
laboratory are bis-diazohexane (4), 1 ,5-difluoro-2 ,4-dinitroben- 


zene (5-8), and _ 
(8-11). The latter of these three, the structure of which is given 
below, 


NO; 
O 


appeared to have several desirable properties. The two reactive 
fluorines are equal and independent in reactivity, the products of 
the reaction are colored and the sulfone is stable enough to 
withstand the conditions of chemical hydrolysis of the peptide 
bonds. The present paper reports some of the preliminary stud- 
ies of the reaction of p,p’-difluoro-m ,m’-dinitro-diphenylsulfone 
with bovine serum albumin. 


EXPERIMENTAL PROCEDURE 


Materials and Methods—Commercial preparations of crystal- 
line BSA! (Nutritional Biochemicals Corporation and the Ar- 


* This work was supported by a United States Public Health 
Service research grant (RG-5573). <A preliminary report of this 
work was presented at the Meeting of the American Society of 
Biological Chemists, Chicago, Illinois, 1960. 

1 The following abbreviations will be used in this paper: FNPS, 
p, p'-difluoro-m, m’-dinitro-diphenylsulfone; HNPS, p,p’-dihy- 
droxy-m,m’-dinitro-diphenylsulfone; FDB, fluoro-2,4-dinitro- 
benzene; BSA, bovine serum albumin; NPS-BSA, product of the 
reaction of FNPS and BSA; DNP, dinitropheny]; performic acid- 
oxidized protein is indicated by the prefix Ox-, and reduced and 
carboxymethylated protein by the prefix RC-. 


mour Laboratories) were used without further purification, 
FNPS was prepared according to the method of Zahn and Zuber 
(9). Chemical purity reagents and deionized water were used. 

Preparation of NPS-BSA—To a 1% protein solution in 1% 
carbonate buffer (final pH of the protein solution, 10.7) was 
added an acetone solution of FNPS. The concentration of the 
FNPS solution was adjusted to give less than 5% acetone in the 
reaction mixture after the addition of the desired quantity of 
FNPS. The reagent was added at room temperature with con- 


- tinuous swirling. A fine, “silky” precipitate of FNPS appeared 


immediately, and subsequently disappeared as the yellow color 
of the solution deepened. After the solution was completely 
clear (1 to 30 minutes), 1 hour was allowed in which to complete 
the reaction. At this time the absorbancy at 420 and at 29 
my had leveled off (Fig. 3). The reaction mixture was finally 
dialyzed at 4° against several changes of deionized water for 24 
hours and lyophilized. A typical experiment for the reaction of 
BSA with 10 moles of FNPS is given below: 300 mg of BSA 
(4.50 umoles)? was dissolved in 30 ml of 1% NazCQs; solution and 
divided into two equal samples. To one of these was added 0.5 
ml of acetone (control, “untreated” BSA) and to the other 05 
ml of acetone containing 7.8 mg (22.5 umoles) of FNPS ((NPS)- 
BSA). The two solutions were left at room temperature and the 
treated protein solution became clear in about 25 minutes. 
After a total of 90 minutes, the solutions were transferred to 
dialysis sacs and dialyzed separately against water in the cold. 

Other conditions have been tried for this reaction. Thus, the 
carbonate concentration can be lowered to 0.1% without chang- 
ing the rate, provided that the buffer capacity is sufficient to 
maintain the high pH. Acetone is the preferred solvent because 
of the high solubility of FNPS in this solvent. Direct addition of 
crystalline FNPS to the aqueous protein solution gives a very 
slow reaction. If the protein concentration is increased much 
above 1%, an insoluble yellow precipitate, presumably BSA 
polymers from intermolecular cross-reaction, begins to form. 

It should be emphasized that a direct measurement of the 


number of moles of FNPS which have actually reacted with the — 


protein has not been carried out. Under the reaction conditions 
used for (NPS)10-BSA, however, control experiments showed that 
the hydrolysis of FNPS was negligible. In the one preparation 
of (NPS) 2-BSA, the reaction had to be left for 20 hours to go to 
completion. In this length of time, 2 to 3 moles of FNPS had 
reacted with water, and (NPS) o-BSA thus contained only 17 to 
18 moles of NPS per mole of protein. | 
(DNP).-BSA was prepared in the same manner as was the 


2 The molecular weight for BSA was taken as 69,000. 
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NPS derivative, with substitution of 20 moles of FDB for 10 
moles of FNPS. BSA reacted considerably faster with FDB 
than with FNPS. 

Preparation of p,p’-Dihydrory-m,m’-dinitra-diphenylsulfone 
(HNPS) (10)—This compound was conveniently prepared from 
FNPS as follows. FNPS, 500 mg, in 50 ml of acetone, and 50 
ml of 1% NazCQs, was boiled until all the acetone was evapo- 
rated. After cooling, 1 N HCl was added to the dark brown 
solution until the solution was colorless. The precipitate was 
filtered off and washed with water. It was crystallized from 
acetone by addition of water. The slightly yellow crystals after 
air drying weighed 450 mg and melted at 188-190°. 


Ci2Hs0sN28 (340) 


Calculated: C 42.41, H 2.35, N 8.23 
Found: C 42.48, H 2.37, N 7.93 


Preparation of N.,N.'-(m,m’-Dinitrodiphenylsulfone-p , p’)-bis- 
t-lysine (NPS-lysine) (10)—The ¢-amino group of lysine was 
attacked specifically after blocking the a-amino group as the 
copper complex (12). uL-Lysine-HCl, 1 g, was treated with an 
excess of CuCQ; in 200 ml of water. The excess CuCO; was 
filtered off, and 4 g of NasCO3 was added to the blue filtrate 
followed by 800 mg of FNPS in 20 ml of acetone. After being 
stirred at 37° for 6 hours, the reaction mixture was taken to 
dryness. The resulting green precipitate was stirred with small 
portions of a cold 3% Versene (ethylenediaminetetraacetate) 
solution, leaving finally a yellow residue free of all the green 
color. The residue was dissolved in hot 1 N HCl, and upon 
cooling, 900 mg (33%) of yellow crystals were obtained. The 
product decomposed at 240—-250° and gave a positive ninhydrin 
reaction. The water-washed and air-dried crystals contained 
Cl-,and upon drying at 118° in a vacuum, lost weight correspond- 
ing to 3 moles of water. 


(686) 


Calculated: C 41.9, H 5.76, N 12.20 
Found: C 41.68, H 5.94, N 12.80 


After drying (5.5 hours at 118°, 0.1 mm Hg): 


HCl (632) 


Calculated: C 45.55, H 5.22, N 13.30 
Found: C 45.54, H 5.54, N 13.19 


Physical Measurements—All the sedimentation studies were 
carried out in the Spinco model E ultracentrifuge at 60,000 r.p.m. 
With use of both a standard cell and a wedge cell, BSA and NPS- 
BSA could be compared directly in a single run. The tempera- 
ture from run to run was kept fairly constant, which eliminated 
large errors introduced by temperature corrections. The partial 
specific volume was (V) assumed to be constant and equal to 
0.734 (13). For the experiments conducted in 8 M urea, the 
uncorrected experimental sedimentation coefficients were con- 
sidered more meaningful than the corrected ones, since the large 
lensity correction would magnify the probable error in assuming 
l'to be constant. It is furthermore doubtful that the simple 
‘orection for a two-component system (14) is valid for sedimen- 
lation coefficients measured in 8 M urea (15). Optical rotation 
measurements were made with a Rudolph polarimeter, and spec- 
ial studies with the Beckman model DU spectrophotometer. 
The viscosity measurements were carried out with Oswald- 
Fenske viscometers with flow time of 100 to 130 seconds at the 
mperature of the thermostated bath (27.5-28°). The protein 
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solutions were filtered through Whatman No. 1 paper before 
they were introduced into the viscometers. The relative viscosi- 
ties reported represent the ratio of the flow rates, and are not 
corrected for density. The concentration of the protein solu- 
tions was determined from their ultraviolet absorbancy, cali- 
brating the extinction of each different protein with accurately 
weighed samples dried to constant weight after exhaustive dialy- 
sis against deionized water. Good agreement was found between 
this method and the biuret-phenol method (16). The ampero- 
metric titrations were carried out in 8 M urea. 

Denaturation of BSA and NPS-BSA—In all the denaturation 
experiments, BSA and NPS-BSA were treated in parallel under 
identical conditions. The final solutions of the lyophilized pro- 
teins were prepared in 0.05 m potassium phosphate buffer, pH 
6.9. In the case of the alkali-treated, and the oxidized and re- 
duced proteins, the final solutions also contained 0.1 m KCl. 
After each treatment, the protein concentration was adjusted to 
1.1% for the physical experiments. 

Heat Denaturation—Samples of 1.1% protein solutions, 6 ml 
each, in phosphate buffer were kept in a boiling water bath for 
25 minutes. At this time the control BSA started to show a 
slight turbidity. The samples were cooled rapidly and subjected 
to the physical studies. 

Alkali Denaturation—Samples of protein solutions, 6 ml each, 
in phosphate buffer were mixed with 0.06 ml of 10 Nn KOH. 
The resulting solution (pH 12.75) was left for 11.5 hours at 25°. 
HCl, 0.13 ml, 6 N, was then added to give a pH of 6.9. The 
odor of H.S was very noticeable upon the addition of the acid, 
and amperometric titration in bisulfite indicated that 70% of 
the disulfide groups had been lost. 

Oxidation—The proteins were oxidized with performic acid at 
—10° (17). After lyophilization, they were dissolved in phos- 
phate buffer with the aid of KOH, and the pH was adjusted to 
6.9 with HCl. Amperometric titration in bisulfite indicated that 
the oxidation was complete. The abbreviations Ox-BSA and 
Ox-(NPS)10-BSA will be used in the following for the performic 
acid-oxidized proteins. 

Reduction and Alkylatton—The proteins were reduced with 
thioglycolic acid in 8 M urea and alkylated with a large excess of 
iodoacetate in the absence of oxygen (17). Again alkali was re- 
quired to dissolve the dialyzed and lyophilized products. Am- 
perometric titration of the neutralized sample in bisulfite indi- 
cated that the reaction had gone to completion. The abbrevia- 
tions RC-BSA and RC-(NPS).-BSA will be used for the re- 
duced and carboxymethylated proteins. 


RESULTS 


The sedimentation patterns and some physical characteristics 
of BSA, (NPS)i0-BSA, (NPS)o-BSA, and (DNP).-BSA are 
shown in Fig. 1, and the electrophoretic properties of (NPS)10- 
BSA in Fig. 2. There is no indication of heterogeneity in the 
sedimentation patterns, and the increase in sedimentation coeffi- 
cients and in the viscosity of the NPS derivatives is about of the 
order of magnitude one would expect from the increase in molec- 
ular weight. The increase in s for (DNP).-BSA is too large for 


the molecular weight increase, and must be due to some con- 
figurational change in the protein, leading presumably to a de- 
crease in the effective radius of the modified molecules. The 
values for BSA are in good agreement with literature values (18). 
The rapidly spreading boundary observed in the boundary elec- 
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27.5 
(NPS), )-BSA 4.09 1.047 -60.8° 
BSA 3.87 1.033 -60.7° 
(NPS), 4.21 1.051 
BSA 3.93 1.038 
(NPS), 9-BSA A 4.11 
(DNP),)-BSA 4.55 


Fic. 1. The sedimentation patterns and some physical con- 
stants of BSA and its NPS- and DNP-derivatives. The pictures 
were taken 64 minutes after speed was reached (59,780 r.p.m.). 
All determinations were made on 1.1% protein solutions in 0.05 m 
potassium phosphate buffer, pH 6.9. 
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Fic. 2. The electrophoretic behavior of BSA and (NPS) ,0-BSA. 
The upper pattern shows the results of boundary electrophoresis 
of (NPS).:0-BSA in 0.05 m potassium phosphate buffer, pH 7.0, at 
10 milliamperes for 70 minutes. The lower pattern shows the 
comparative mobility of BSA and (NPS):0-BSA on paper strips 
in the same buffer for 10 hours at 4° and 30 milliamperes. 


Absorbancy 


(mp) 
Fic. 3. The spectral properties of (NPS)1:0-BSA and HNPS at 


different pH values. The spectra were determined in 0.05 Mm 
potassium phosphate buffer. ——, the difference spectrum of 
(NPS)i0-BSA read against the same concentration of BSA at pH 
2.1, 6.8, and 11.2. — — —, HNPS at pH 68 and 11.2. --.-, 
HNPS at pH 2.1. 


trophoresis (Fig. 2) was quite symmetrical and indicated a nor- 
mal distribution of ionic species as should be expected if there 
were a random reaction between the 20 equivalents of FNPS 
and the 53 lysine groups (19) in BSA. When the field was re- 
versed for 70 minutes, the resulting peaks were superimposable 
on the starting boundaries. Zone electrophoresis showed that 
(NPS)10-BSA had a higher net negative charge at pH 7.2 than 
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did BSA, indicating that lysine groups have reacted with the 
reagent. This was confirmed in one experiment where (NPS), 
BSA was hydrolyzed by refluxing with 6 n HCl for 10 hours, and 
then subjected to chromatography. Two yellow spots were ob. 
served in the hydrolysate and the major one of these (70 to 80%) 
migrated with an Ry corresponding to that of the synthetic 
NPS-lysine in three solvent systems. 

Further evidence for the inference that both ends of FNPs 
had reacted with BSA is given by the absorption spectra in Fig, 
3. The modified protein was treated under conditions in which 
any free fluorobenzene rings would hydrolyze to the correspond- 
ing phenols. If there were any free nitrophenol in the modified 
protein one would expect to see a pH-dependent shift in both the 
visible and the ultraviolet spectrum similar to that observed with 
HNPS. Such a shift is not apparent, however, over a wide pH 
range. The fact that the protein difference spectrum was inde. 
pendent of pH up to 11.2 must furthermore mean that little or 
no reaction had taken place with the tyrosine residues in BSA. 

Effect of Denaturing Agents on NPS-BSA—The resistance of 
NPS-BSA to heat, alkali, urea, oxidation, and reduction was in- 
vestigated by comparing the sedimentation and viscosity be- 
havior of BSA and NPS-BSA after exposure to the various treat- 
ments. The results given in Figs. 4, 5, 6, and 7 and in Table] 
show that the products of the treatments are quite different for 
BSA and NPS-BSA. The most spectacular difference was ob- 


27.5 
S50 
(NPS), )-BSA 5.4 1.058 
BSA 37.9 1.275 
64 
(NPS), 5-BSA 4.21 1.053 
BSA me 1.238 
2 64 
(NPS), )-BSA 5.48 
(DNP),)-BSA 27.4 
10 64 


Fig. 4. The effect of heat on BSA and its NPS- and DNP- 
derivatives. The sedimentation time (in minutes at 59,780 r.p.m.) 
is indicated under each picture. All the determinations were 
made on 1.1% protein solutions in 0.05 M potassium phosphate 
buffer, pH 6.9. The experimental details are given in the text. 


27.5 
S20 
(NPS), 4.21,6.24 1.063 
BSA 9.92 1.074 
16 64 


Fig. 5. The effect of alkali on BSA and (NPS),0-BSA. The 
sedimentation time (in minutes at 59,780 r.p.m.) is given under 
the pictures. The protein concentration was 1.1% in 0.05 ™ 
potassium phosphate buffer, pH 6.9, containing 0.1 m KCl. The 
experimental details are described in the text. 
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served after heating (Fig. 4), where the formation of the large, 
heterogeneous aggregates observed with BSA and (DNP) 20-BSA 
was greatly minimized with (NPS)1o-BSA and essentially elimi- 
nated with (NPS)eo-BSA. 

The alkali treatment (Fig. 5) gave similar results. BSA itself 
gave a heterogeneous mixture of denatured protein with a large 
increase in the average sedimentation coefficient, whereas the 
ultracentrifuge data indicated that 60% of the (NPS)10-BSA was 
still unchanged after cleaving 70% of the disulfide bonds during 
the prolonged exposure to the alkali. 

Cleavage of the 17 disulfide bonds in BSA (20) by performic 
acid oxidation, and by reduction followed by carboxymethylation, 
led to faster sedimentation but apparently fairly homogeneous 
Ox-BSA and RC-BSA (Fig. 6). The large increase in the rela- 
tive viscosity accompanying the increase in the sedimentation 
coeficient indicates that aggregation had taken place. The iden- 
tically treated Ox-(NPS)10-BSA and RC-(NPS).0-BSA, on the 
other hand, gave no indication of aggregation, but showed a 
decrease in the sedimentation coefficient. This, together with 
the increased viscosity, should be indicative of unfolding and in- 
creased asymmetry of single molecules. This interpretation can 
be extended to the data in Fig. 7, showing that heating for 30 
minutes did not affect the oxidized and reduced (NPS),0-BSA 
to any appreciable extent, whereas the aggregated Ox-BSA and 
RC-BSA appeared to dissociate into more slowly sedimenting 
units. 

Table I shows the results of some sedimentation experiments 


27.5 

S20 

ox- (NPS) )-BSA 3.23 1.152 
Ox-BSA } 5.98 1.228 
RC-(NPS)))-BSA 3:21 1.175 
RC-BSA L 6.87 1.253 


Fic. 6. Some properties of Ox-BSA, Ox-(NPS):0-BSA, RC- 
BSA, and RC-(NPS)i0-BSA. All the pictures were taken 64 
minutes after speed was reached (59,780 r.p.m.) and the deter- 
minations were made with 1.1% protein solution in the phosphate- 
KCl buffer, pH 6.9. 


28 

20 rel 

OX-BSA | 1.60,3.66 1.200 
(heated) 

RC-(NPS),-BSA 3.69 1.190 

RC-BSA 3.60,7.09 1.193 
(heated) 


Fic. 7. The effect of heating on Ox-BSA, Ox-(NPS),0-BSA, 
RC-BSA, and RC-(NPS),:o-BSA. The same samples as are shown 
In Fig. 6 were kept in a boiling water bath for 30 minutes. Their 
sedimentation and viscosity behavior was determined under the 
same conditions as in Fig. 6. 
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TABLE 


Sedimentation behavior of BSA and (NPS)0-BSA in urea and 
after urea treatment 


The sedimentation coefficients in Experiments 1 and 2 were 
determined in 8 M urea and in 8 M urea containing 0.02 m thio- 
glycolate, respectively, and are not corrected for viscosity and 
density. The temperature of each run is given in parentheses. 
The S-values in Experiments 3 and 4 were normalized to 20°. 
The protein concentration was 1% in all samples, except for BSA 
in Experiment 3. In this case, only 20% of the protein was 
soluble, and the dilute solution was concentrated to give a 0.4% 
protein solution. 


Experiment Treatment S Solvent 
1. (NPS)i0-BSA 8 m urea for 1 | 1.35 (22.6°)| 8M urea 
hr at 25° 
BSA 8 m urea for 1 | 1.23 
hr at 25° 
2. (NPS)10-BSA 8 mM urea and | 1.32 (22.3°)| 8 m urea and 
0.02 m thio- 0.02 m thi- 
glycolate for oglycolate 
2 hrs at 25° 
BSA 8 mM urea and} 1.0 
0.02 m thio- 
glvcolate for 
2 hrs at 25° 
3. (NPS)19-BSA As above (2), | 4.97 (80%) | 0.1 m KCl 
dialyzed for | 8.31 (20%) 
24 hrs against 
0.1m KCl 
BSA As above 4.58 (20%) 
4. (NPS)i0-BSA None 5.07 0.1 um KCl 
BSA None 4.73 


on urea-treated BSA and (NPS)0-BSA. It should be empha- 
sized that the urea-free experiments were conducted in buffer 
free solutions after exhaustive dialysis against 0.1 m KCl. The 
fairly large difference between the sedimentation coefficients ob- 
tained in this experiment and those obtained in the experiments 
above must be due to pH and buffer effects. Addition of thio- 
glycolate to the solutions of BSA and (NPS)i0-BSA in 8 m urea 
caused a decrease in the sedimentation coefficient of BSA whereas 
that of (NPS)10-BSA was unaffected. A reasonable interpreta- 
tion of this finding is that a further unfolding of the BSA mole- 
cules took place when the disulfide bonds were broken in 8 m 
urea, and that this further unfolding was prevented in (NPS) 0- 
BSA, presumably by the presence of the NPS bridges. When 
the urea and thioglycolate were removed by dialysis against 0.1 
mM KC\I in the presence of oxygen, a large proportion of BSA pre- 
cipitated out. The remaining soluble part (20%) had a sedi- 
mentation coefficient similar to that of native BSA. (NPS) o- 
BSA was completely soluble after dialysis, and the major fraction 
(80%) appeared to go back to its original form, judging from the 
sedimentation behavior. Again it seems reasonable to interpret 
this finding in terms of NPS bridges holding the BSA molecule in 
the proper configuration to favor reoxidation of the SH groups 
back to the original pattern of S-S bridges rather than the random 
intramolecular and intermolecular reoxidation which has been 
shown to take place with BSA itself (21). 


1) 
the 
and 

ob- 
)%) 
etic 

‘PS 

Fig. 
hich 
ond- 
the 

vith 

pH 
nde- 

e or 
A. 

e of 
in- 

be- 

eat- 
dle | 
t for 

ob- 

0 

The | 

nder | 
05M; 

UM 


110 Reaction of BSA with a Diphenylsulfone 


DISCUSSION 


There are several questions to be answered in evaluating the 
usefulness of a protein reagent such as FNPS. One must know if 
both ends of the reagent have reacted with the protein, if the 
native configuration of the protein is greatly altered by the 
introduction of the NPS-groups and if this “‘native’’ configuration 
is indeed stabilized by the reagent, and finally one needs to know 
which groups in the protein are involved in the reaction. The 
answer to the first of these questions appears to be simple, at 
least in the case of (NPS)i0-BSA. Within the limits of sensitivity 
of the spectrophotometric assay, there is no ionizable nitrophenol 
group present. The possibility always exists that the pH on the 
protein surface is sufficiently different from that in the solution 
to prevent hydrolysis of unreacted fluorobenzene groups. If this 
were the case, one would of course not see any spectral shift. 
The results from the denaturation experiments and the hydrolysis 
experiment, however, are consistent with the thesis that both 
ends of FNPS have reacted. 

The question about the extent of change in the native con- 
figuration of BSA accompanying the reaction with FNPS is 
harder to answer. One apparent fallacy in the argument is the 
fact that BSA was reacted with FNPS at pH 10.7. This should 
mean that the configuration of BSA at pH 10.7 was stabilized 
by the reagent and subsequently compared to “‘native’’ BSA at 
neutral pH. This procedure is justified, however, by a large 
body of data showing that there is very little configurational 
change in BSA between pH 5 and 11 (22, 23-28). With this in 
mind, it seems reasonable from the sedimentation, viscosity, and 
rotation data in Fig. 1 to rule out major configurational changes 
in the modified BSA as compared to ‘native’ BSA. With the 
large change in the ionic properties of the modified protein, it is 
likely that minor structural changes must have occurred, how- 
ever. It may be of interest to mention that we have found that 
both ribonuclease and yeast enolase react with 2 and 5 moles of 
FNPS, respectively, without any loss of enzymatic activity. 

The general effects of the various treatments used in this work 
have been described by several workers, and the behavior of 
BSA conforms to the reports in the literature. Heat (18, 21), 
alkali treatment (18), and urea treatment (18, 29-35) lead to 
aggregation of BSA, and the extent of the aggregation depends 
on the protein concentration, the presence or absence of reducing 
agents, and the extent of the treatment. In the case of oxidation 
and reduction followed by carboxymethylation, Jirgensons (17) 
obtained more symmetrical boundaries than the ones obtained 
here, but the general properties of the Ox-BSA and RC-BSA 
appear to be similar to those observed by Jirgensons. The re- 
sistance of NPS-BSA to structural changes was most apparent 
in the heat treatment, but it is probably even more significant 
that strong protection was also observed in the cases in which 
the natural covalent tertiary bonds had been broken (alkali 
treatment, oxidation, and reduction). In every case the ob- 
served protection is consistent with the thesis that the NPS 
groups act as tertiary bonds, holding distant parts of the single 
chain of BSA together after the natural tertiary bonds have been 
broken. There are also other reasonable explanations for the 
protective effect of FNPS on BSA. The reagent may give a 
nonspecific protection through its hydrophobic ring system in a 
manner similar to the fatty acid protection observed by Boyer 
et al. (36). KFNPS may also react with the free SH groups in 
BSA and thereby block the catalytic effect of this group on 
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aggregation (21). The experiments with (DNP)2.0-BSA wer 
included in an attempt to eliminate these possibilities. A). 
though it is doubtful that the same sites in the protein react 
with FDB and FNPS, it should be significant that the intro. 
duction of 20 DNP groups into the BSA molecule did not afford 
any protection against heat denaturation. 

The question as to the nature of the groups in the protein 
which have reacted with FNPS has not been answered satisfac. 
torily yet. Electrophoresis, spectral studies, and the chromato- 
graphic evidence from the hydrolysis experiment all indicate that 
the lysine residues are the primary reacting sites in BSA. The 
preparation of the homologous and mixed NPS derivatives of 
lysine, tyrosine, and histidine is in progress in an attempt to 
answer this important question in an unequivocal manner. 


SUMMARY 


The reaction of bovine serum albumin (BSA) with p,p’-<di- 
fluoro-m ,m’-dinitro-diphenylsulfone (FNPS) was studied in an 
attempt to introduce new tertiary bonds into proteins. At pH 
10.7 (carbonate buffer) and at room temperature, BSA reacted 
readily with up to 20 moles of FNPS per mole of protein, and 
the resulting yellow protein derivatives showed physical prop- 
erties very similar to those of native BSA. Spectrophotometric 
evidence showed that both ends of FNPS reacted with the pro- 
tein, and the spectra, the electrophoretic behavior of NPS-BSA, 
and chromatography of the hydrolysis products of NPS-BSA 
indicated that lysine groups were the primary site of attachment 
of the reagent. NPS-BSA showed a marked resistance to de- 
naturation by heat, alkali, oxidation, reduction, and urea, and 
this increased stability is consistent with the proposal that FNPS 


forms covalent bridges between distant parts of the polypeptide | 


chain. 
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Studies of the phenolic hydroxyl ionization of proteins have 
shown marked differences in behavior. In poly-u-tyrosine (1) 
and in insulin (2), the ionization proceeds normally and re- 
versibly. In serum albumin (3, 4) and in lysozyme (5, 6), the 
ionization is reversible but the intrinsic pK (and in the case of 
serum albumin also the heat and entropy of ionization) is ab- 
normally high. In ribonuclease (7, 8), chymotrypsinogen (9, 
10), and myosin (11), only a portion of the tyrosines ionizes 
freely, whereas the remainder ionizes only after irreversible un- 
masking of the residues at high pH. Finally, in ovalbumin (12), 
the phenolic groups cannot be titrated at all without destruction 
of the native structure of the molecule. 

This paper presents results of a similar study of the tyrosine 
ionization of trypsinogen at 10, 25, and 37°. Of the nine to 10 
tyrosine residues present in the trypsinogen molecule, four 
ionize freely and reversibly. At 10°, four others are reversibly 
unmasked above pH 11.5, whereas at 25 and 37°, the unmasking 
is accompanied by irreversible changes in the zymogen molecule, 
possibly involving the liberation of the remaining tyrosine resi- 
dues. Sedimentation and viscosity changes at 10° are consistent 
with the concept of a reversible transformation of the trypsinogen 
molecule from a rigid ellipsoid of revolution to that approximat- 
ing a random coil. These changes begin at a pH of 10, well be- 
low the pH of tyrosine unmasking. 


EXPERIMENTAL PROCEDURE 
Materials and Methods 


Trypsinogen (Worthington Biochemical Corporation; once 
crystallized, 50% MgSQs, lot No. TG709) was used in this study. 
A 5% solution in 0.01 m HCl was prepared and dialysed for 20 
hours against three changes of 0.001 m HCl at 4°. The protein 
was lyophilized and stored at —10°. The zymogen was fully 
activatable to trypsin by the rapid method of Pechére and Neur- 
ath (13), whereas the free chymotrypsin and trypsin activities, 
as measured against acetyltyrosine ethyl ester and benzoylar- 
ginine ethyl ester, respectively, were negligible. Electrophoretic 
experiments of a mixture of | part of soy bean trypsin inhibitor to 
100 parts of trypsinogen, performed in Tris-NaCl buffer, at pH 
7.82 and ionic strength 0.2, showed two components. The 
smaller of these accounted for less than 5% of the total (Fig. 1). 
In the presence of 1 part of soy bean trypsin inhibitor to 10 parts 


* This investigation was carried out with the support of the 
National Research Council of Canada and the Canadian Muscular 
Dystrophy Association. A preliminary report of this work was 
presented before the American Society of Biological Chemists in 
April, 1960. 


of zymogen, the trypsinogert chromatographed as two peaks on 
a column of Amberlite IRC-50 (XE-64) by the method of Keller 
Cohen, and Neurath (14). In the chromatogram, shown in 
Fig. 2, the small peak immediately preceding the main peak 
comprised 6.7% of the trypsinogen in this experiment, in which 
88% of the total protein was recovered. 

Protein concentrations were calculated from the absorbancy 
at 280 my of appropriately diluted solutions in 0.001 m HC\, 
measured in a Beckman DU spectrophotometer. The extinction 
coefficient, Ei”, = 15.2, was determined from measurements 
of dry weight, percentage of nitrogen (16.19% by Kjeldahl 
method), and light absorbancy on simultaneous samples of the 
lyophilized protein previously equilibrated with the laboratory 
air at room temperature for 24 hours. For calculations of molar 
extinction, the molecular weight was taken as 24,500 (15). 

Stock solutions of carbonate and phosphate buffers, KCl and 
KOH, were freshly prepared from reagent grade chemicals. 
Carbon dioxide-free water was used throughout. 

Spectrophotometric measurements were made with a Beckman 
model DK-2 recording spectrophotometer in 1-cm silica cells. 
Preliminary measurements had shown the absorbancy of tryp- 
sinogen to be markedly time-dependent, particularly at high 
pH. All measurements were therefore made with the use of a 
small stainless steel and polyethylene plunger mounted in the 
cell compartment cover of the spectrophotometer. By this 
means, absorbancies could be measured in less than 5 seconds 
after the initiation of mixing. The temperature of the cells was 
regulated to +0.1° by the circulation of water through the cell 
holder from a constant temperature bath. 

For the spectrophotometric titrations, 3 ml of a mixture of 
KCl and KOH (total ionic strength 0.1) were placed in both the 
sample and reference cuvettes of the cell compartment. After 
temperature equilibration, 50 ul of a 2.5% trypsinogen solution 
in 0.001 m HCl were added by means of the rapid mixer and the 
absorbancy at 301 my immediately measured. The sample was 
then removed for pH determination. 

Measurement of pH was made with a Radiometer TTT-1 
titrator and a Radiometer GK-2021 B combined electrode. The 
electrode was lowered into the sample contained in a constant 
temperature cell designed for small volumes (16). The stability 
of the instrument was considerably increased by grounding both 
the circulating water and the interior of the sample chamber; 
the latter by means of a platinum wire fastened to the stem of 
the electrode and grounded through the electrode support. Al- 
ternatively, pH measurements were made with a Beckman model 
G pH meter and external general purpose Beckman electrodes. 
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The samples in this case were contained in a 20-ml beaker sus- 
pended in a constant temperature bath regulated to +0.1°. 
When necessary, pH drift of the samples was prevented by flush- 
ing with nitrogen. The standard buffer was 0.01 m borate, pre- 
pared as described by Bates (17). 

Sedimentation runs were made in the Spinco model E ultra- 
centrifuge, operated at 59,780 r.p.m. with a 12-mm, 2° sector 
synthetic boundary cell. Before each experiment the rotor was 
brought below the desired temperature and then left to warm in 
the rotor chamber to the experimental temperature (10°) pre- 
determined by the regulating circuit. The trypsinogen con- 
centration in all the experiments was maintained at 0.4% and 
the runs were generally 112 minutes in duration. Boundary 
positions on the photographic plates were measured in a two- 
dimensional microcomparator (Gaertner Scientific Corporation, 
Chicago, Illinois). The sedimentation coefficients were cor- 
rected to standard conditions of water at 10° from the usual 
relationships (18). Viscosities and densities of the solutions 
were estimated from tables in Svedberg and Pedersen (18) and 
International Critical Tables. A partial specific volume, 5, of 
0.73 ml per g was used for trypsinogen at 20° (19). A change in 
> of —0.0005 was assumed for each degree drop in temperature 
20). 
: An Ostwald-Fenske type viscometer, with a volume of 6.5 ml, 
was utilized for the viscosity measurements at a temperature of 
10° (+0.1°). The outflow time of water at this temperature was 
about 350 seconds. Viscosities were calculated relative to the 
solvent and expressed as 7sp/c versus concentration. These were 
subsequently extrapolated to zero concentration to vield the 
[n] values. 

Light scattering measurements were made in a Brice-Phoenix 
light scattering photometer at room temperature (25 + 2°), 
at a wave length of 436 mu. A more detailed account of the 
procedure used and results obtained is found in reference (15). 

It is to be noted that in all the physical measurements described 
above, soy bean trypsin inhibitor, five times crystallized from 
ethanol (Worthington), was always added to the trypsinogen 
solutions in the weight ratio of 1 part of inhibitor to 100 parts of 
protein; this procedure resulted in effective removal of any 
residual tryptic activity. 


RESULTS 


Ultraviolet Absorption of Trypsinogen—The ultraviolet ab- 
sorption spectra of trypsinogen in acid solution (0.001 m HCl) 
and in alkaline solution (pH 12.5) at 10 and 37° are shown in 
Fig. 3. In going from acid to pH 12.5 at 10°, the shift of the 
spectrum to longer wave lengths and the increase in molar ex- 
tinction is characteristic of tyrosine ionization. The double 
absorption peak at high pH is attributable to the superposition 
of the tryptophan residue absorption on that of the phenoxide 
ion absorption and is typical of proteins with a significant tryp- 
tophan content (21). The changes in the spectrum from 10 to 
37° involve an increase in extinction in the range 260 to 276 mu 
and in the range 294 to 330 mu, but a decrease in the 276 to 294 
my region. It is probable that these changes are a reflection of 
spectral shiffs in the absorption of tryptophan to lower wave 
lengths (10, 22), and perhaps some other nonspecific effects of 
denaturation, superimposed upon further tyrosine ionization. 
To reduce anomalies arising from this shift, the degree of tyrosine 
ionization in the results described below has been estimated from 
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Fic. 1. Electrophoresis pattern of trypsinogen in presence of 
1 part per 100 of soy bean trypsin inhibitor; Tris-NaCl buffer, 
ionic strength 0.2, pH 7.82, after 410 minutes; A, ascending; B, 
descending. 
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Fic. 2. Chromatography of trypsinogen in the presence of 1 
part per 10 of soy bean trypsin inhibitor on Amberlite IRC-50; 
0.2 mu phosphate buffer pH 5.76. 
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absorbancy measurements at 301 mu. Further changes in the 
spectrum with time at 37° have been attributed not to tyrosine 
ionization but to nonspecific effects of protein denaturation in 
alkaline solutions. 

Spectrophotometric Titration Curves of Trypsinogen at 10, 25, 
and 37°—The plots of molar extinction at 301 my against pH 
at 10, 25, and 37° are shown in Fig. 4. It is clear that at each 
temperature the ionization proceeds in two distinct stages. For 
example, at 10°, the first stage occurs between pH 8.5 and 11.8 
and the second above 11.8. The increase in the molar extinction 
during the first stage is 7900, corresponding to the free ionization 
of 4.0 of the nine to 10 tyrosine residues present in trypsinogen 
(23).! In the second stage (at 10°), there is a further increase 
in extinction of about 8500, corresponding to the ionization of a 
further 4.3 residues of tyrosine. Thus at 10°, in going from pH 
8.5 to 12.5, the increase in extinction corresponds to the ioniza- 
tion of a total of approximately eight tyrosine residues. How- 
ever, at 25 and 37°, the change in extinction is higher at pH 12.5, 
corresponding to the ionization of 9 and 9.5 residues, respectively. 

It has been found that the two stages of tyrosine ionization 
differ both in their reversibility and in their time dependency. 


1 The change in molar extinction for the complete ionization of 
free tyrosine was found to be 2300 at 295 mu and 1960 at 301 mu. 
The former value is in good agreement with previous reports (3, 
12). The latter value was used in the present work for the caleu- 
lation of the extent of tyrosine ionization. 
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Fic. 3. Absorption spectra of trypsinogen; pH 3 (——); pH 12.5 at 10° (—-—), at 37° (—---—), at 37° after 30 minutes (— 
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Fic. 4. Spectrophotometric titration of trypsinogen; at 10° 
(O); at 25° (X); at 37° (A). 


The extinction values, shown in Fig. 4 and measured within 5 
seconds of mixing, increase with time at high pH. At 10°, for 
example, there is a rapid increase in the extinction, which soon 
reaches a new value and thereafter remains constant for many 
minutes. This is illustrated in Fig. 5 in which the “5 second”’ 
titration curves of Fig. 4 are represented, together with the final 
dependent values at 10°. Below pH 11.5 at 10°, there was no 
time dependency of the molar extinction. 

Reversibility studies at all three temperatures were carried 
out as follows. A quantity of 200 ul of the stock trypsinogen 
solution was added to 2.85 ml of a suitable solution of KC]-KOH 
previously equilibrated at the appropriate temperature. After 
1 minute, 1 ml of this solution was diluted with 3 ml of either a 
buffer solution or suitable KCI-HC1 solution. The absorbancy 
and pH were then measured at the same temperature. The 
results of these measurements are also presented in Fig. 5. 


MOLAR EXTINCTION (X 10-4) 
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pH 


Fic. 5. Reversibility of tyrosyl ionization of trypsinogen; from 
pH 12.5 at 10° (O); from pH 12.7 at 25° (X); from pH 10.6 at 37° 
(A). Final time dependent extinction values at 10° (@). 


At 10°, the data indicate that the system is essentially re- 
versible from pH 12.5. At 25°, however, the extinction values 
for the trypsinogen samples, previously exposed to a pH of 12.7, 
fall well above the forward titration curve, indicating irreversi- 
bility of the system. That the first stage of tyrosine ionization 
is reversible at all three temperatures was demonstrated by the 
correspondence of the extinction values of trypsinogen after 
reversal from pH 10.6 at 37° wit those of the forward titration 
curve at 37°. It is concluded that the second stage of tyrosine 
ionization is reversible from pH 12.5 only at 10°, whereas the 
first stage is reversible at all three temperatures. 

The apparent heats and entropies of ionization have been 
calculated for the first stage of tyrosine ionization from the 
relationships 
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AH = 2.303 RQ?) (1) 
(AH + RTI,K) 


T (2) 


AS 


where the apparent pK = 10.4 was estimated from the titration 
eurve at 25°. The assumption was made that the first stage of 
jonization is complete at a molar extinction of 1.40 x 10', cor- 
responding to the ionization of 4.0 tyrosine residues. The 
value of ApH was estimated from the first stage of the titration 
eurves of Fig. 4 at 25% and 50% ionization. The average value 
was 7.9 kilocalories per mole for A// and —21.2 entropy units 
for AS. 

Sedimentation and Viscosity—In an attempt to shed further 
light on the behavior of the trypsinogen molecule in alka- 
line solutions, sedimentation and viscosity measurements were 
earried out as a function of pH. A plot of the corrected sedi- 
mentation coefficients at 10° against pH is shown in Fig. 6. It 
is to be noted that sio,w falls progressively from a value of 2 8 
at pH 10 to 1.56 8S at pH 12.5. Reversibility experiments were 
carried out and the results of these are also shown in Fig. 6. In 
one case a 0.4% trypsinogen solution was exposed to pH 12.5 
for 15 minutes and then brought to pH 10.87 with n HCl; in 
another, a corresponding concentration of trypsinogen, initially 
at pH 11.05 for 15 minutes, was reversed to pH 7.2. Both points 
fall on the forward 810,. against pH plot, suggesting that the 
sedimentation data are completely reversible. However, longer 
periods of exposure to very high pH results in irreversibility, as 
shown by one experiment in which a 0.4% trypsinogen solution, 
initially exposed to pH 12.5 for 1.5 hours and then brought to 
pH 9.91, revealed evidence of extensive aggregation in the ultra- 
centrifuge. 

In Fig. 7 are shown similar studies of the variation of viscosity 
with pH at 10°. The weight intrinsic viscosity increases from a 
value of 0.072 deciliter per g at pH 10 to 0.14 at pH 12.5. Two 
reversibility studies were also carried out. In one, a trypsinogen 
solution was exposed to pH 11.05 for 15 minutes and then brought 
to pH 7; in the other the protein was reversed to 8.9 after an 
initial exposure for 15 minutes at pH 12.5. The results of these 
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Ric. 6. Variation of with pH for trypsinogen solu- 
tions (X); also included are two reversal experiments: from pH 


12.5 (A); from pH 11.05 (O). 
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Fic. 7. Variation of [7] with pH for trypsinogen (XX); also in- 
cluded are two reversal experiments: from pH 12.5 (A); from pH 
11.05 (O). 


experiments, also shown in Fig. 7, reveal that || is completely 
reversible. 

It is to be noted that the change in both these properties begins 
at pH 10, well below the pH of tyrosyl unmasking. 


DISCUSSION 


The results of this investigation indicate that the tyrosine 
residues of trypsinogen may be divided into two and possibly 
three classes. Of the nine to 10 tyrosines present, four ionize 
freely and reversibly. The apparent pK (at 25°) of these resi- 
dues is 10.4. It has not been possible to calculate the intrinsic 
pK of these residues because of the lack of a hydrogen ion titra- 
tion curve. Such a calculation would be further complicated by 
the configurational changes beginning at pH 10 as detected by 
the sedimentation and viscosity studies. This would result in a 
variation in the electrostatic interaction factor, w, with pH. 
For these reasons, it cannot be decided whether the high apparent 
pK (10.4 as opposed to 9.5 to 9.7 for the intrinsic pK of poly-.- 
tyrosine (1) and insulin (2)) can be attributed to electrostatic 
interaction or to the possible effects of hydrogen bonding, as in 
the case of serum albumin (3, 4). For similar reasons, the 
significance of the apparently high heat and entropy for the 
first stage of tyrosine ionization (7.9 kilocalories per mole and 
—21.2 entropy units, as opposed to the normal values of 6 
kilocalories per mole and —26 entropy units for tyrosine) is in 
doubt. Since they are only apparent values and the error in 
their estimation is of the order of +1 kilocalorie per mole and 
+4 entropy units, respectively, it cannot be concluded on the 
basis of the present results that the first stage of tyrosine ioni- 
zation is abnormal. | 

The second stage of tyrosine ionization in trypsinogen (cor- 
responding to a further 4.3 tyrosine residues) is both time-de- 
pendent and reversible at 10°. Although a time-dependent 
unmasking of tyrosine residues at high pH has been previously 
observed with ribonuclease (7, 8), chymotrypsinogen (9, 10), 
ovalbumin (12), and myosin (11), this is the first direct demon- 
stration of the reversibility of such a system. The final time- 
dependent values shown in Fig. 5 represent a reversible equi- 
librium between a molecular species in which the four tyrosines 
are masked and an unfolded state in which they are unmasked. 
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It can be seen that this equilibrium is very pH-dependent, chang- 
ing from 20 to 80% unmasking over a pH range of 0.1 and cor- 
responding to a small increment of negative charge on the tryp- 
sinogen molecule. 

At 25 and 37°, the second stage of tyrosine unmasking, as 
measured by the increase in molar extinction at 301 mu, cor- 
responds to 5 and 5.5 tyrosine residues, respectively. As previ- 
ously discussed, it cannot be stated unequivocally that the in- 
creased extinction is attributable to further tyrosine ionization. 
However, it does seem likely that the changes in the spectrum 
do represent, in part, a further tyrosine ionization and that 
these can best be measured at 301 my. It is significant that 
this further increase in extinction is associated with irreversible 
structural changes in the molecule. 

Measurements of sedimentation coefficient and intrinsic vis- 
cosity as a function of pH show that these parameters, from 
pH 10 to 12.5, fall along a curve which is essentially the same in 
form for both; and the curve is reversible on decreasing the pH. 
The variation in these two properties suggests what appears to 
be a rapid and reversible configurational change of the trypsino- 
gen molecule in alkaline solution, since light scattering measure- 
ments over the same pH range showed no alteration in molecu- 
lar weight (15). Similar pH-mduced configurational o_o 
have been observed in other globular proteins (24). 7 

Since the configuration change as detected by the ndiatate- 


tion and viscosity studies begins at pH 10, it appears that the 


tyrosv! unmasking, beginning at a pH of 11.5, represents a more 
extensive, but still reversible, unfolding of the trypsinogen mole- 
cule. This may be followed at higher temperatures by an even 
more extensive and irreversible structural change with the libera- 
tion of the remaining tyrosyl residues. 

In order to define the tvpe of configurational model which 
would best explain the observed hydrodynamic behaviour of 
trypsinogen in alkaline solution, the sedimentation and viscosity 
data at the various pH values were combined in the Scheraga- 
Mandelkern equation represented as follows (25): 


N -80| 39 
= (3) 
(1 — fp) M23 


In this equation .V is Avogadro’s number, so is the infinite dilu- 
tion sedimentation coefficient of the protein, [y] the intrinsic 
viscosity, 7 the solvent viscosity, v the partial specific volume of 
the protein, p the solvent density and J/ the molecular weight 
of the protein. The parameter 6 interrelates the observed 
characteristics of the protein molecule to a hypothetical ‘“hy- 
drodynamically equivalent ellipsoid,’ and it depends only on 
the axial ratio of the (prolate or oblate) ellipsoid. Calculation 
with the sedimentation and viscosity values given above along 
with a molecular weight of 24,500 (15) and a v value of 0.725 ml 


TaBLe [ 
B-function values for trypsinogen as a function of pH 


pH | 8 X 1078 
7 2.25 
10 2.30 
11.05 | 2.66 
11.55 | 2.81 
12.30 | 2.90 
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per g at 10° (19, 20) for trypsinogen yields the @ values recorded 
in Table I. 

At pH 10, 6 was found to be 2.3 X 10°, corresponding to g 
prolate ellipsoid of revolution model with low axial ratio. The 
8 values for trypsinogen at pH 11.05 and above are all con- 
siderably higher than those generally observed for ellipsoidal 
protein systems (2.3 to 2.5 & 10°) but are in good agreement 
with the Kirkwood-Riseman theory which predicts a value of 
2.8 to 3 X 108 for ¢'/8P— (formally the same as @) for a random 
chain configuration (26). Thus, although the results at pH 10 
are consistent with the ellipsoidal model, it is possible that at 
higher pH values a random coil might be a better approximation. 
If that is so, the actual shape of the molecule will probably 
combine some characteristics of both types, their relative im- 
portance altering with pH. 


SUMMARY 


A spectrophotometric study of trypsinogen in alkaline solu- 
tions has been made at 10, 26, and 37°. Of the nine to 10 tyro- 
sine residues present in this protein, four ionize freely and 
reversibly with an apparent pK of 10.4, an apparent heat of 
ionization of 7.9 kilocalories per mole and an apparent heat of 
entropy of —21.2 entropy units. At 10°, an additional four 
residues of tyrosine are reversibly unmasked above pH 11.5, 
whereas at 25 and 37°, the unmasking is accompanied by ir- 
reversible changes in the zymogen molecule, possibly involving 
the liberation of the remaining tyrosine residues. Sedimenta- 
tion and viscosity changes at 10° are consistent with the concept 
of a reversible transformation of the trypsinogen molecule from 
a rigid ellipsoid of revolution to that approximating a random 
coil. These changes begin at a pH of 10, well below the pH of 
tyrosine unmasking. 
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The earliest attempts to determine the physicochemical 
parameters of trypsinogen were rendered difficult by the presence 
in the crystalline preparations of trypsin as an impurity which 
tended to promote the autocatalytic activation of trypsinogen. 
In 1953, Tietze (1) succeeded in obtaining preparations of 
trypsinogen of sufficient purity to warrant physical studies by 
effecting the crystallization in the presence of diisopropyl 
fluorophosphate, a procedure resulting in effective inactivation 
of the last traces of trypsin. Material prepared in this fashion 
was shown to possess a molecular weight of 23,700 when studied 
by sedimentation-diffusion in acid pH media. This value agreed 
well with the minimal molecular weight of 23,800, calculated 
from amino acid analyses (2). The physical measurements were 
not extended above pH 6, in view of the observation that tryptic 
activity in the preparation increased rapidly with increasing 
alkalinity. More recently, trypsinogen preparations of higher 
purity and homogeneity have become commercially available, 
and these may be stabilized over a wide pH range by the addi- 
tion of soybean trypsin inhibitor (to the extent of 1% of the 
trypsinogen concentration) to their solutions. 

The present investigation arose during the course of some 
physical studies on the behaviour of trypsinogen in alkaline 
solution (3) in which it was found necessary to establish that 
the observed variation in the parameters measured was the 
result exclusively of intramolecular rather than intermolecular 
changes in the protein. Accordingly, a combination of physico- 
chemical techniques was employed, including light scattering, 
sedimentation-viscosity, and the approach to sedimentation 
equilibrium. Calculations of molecular weight deduced from 
these measurements at neutral and alkaline pH converge toward 
24,500 as the most probable value for the molecular weight of 
try psinogen. 


EXPERIMENTAL PROCEDURE 


Material—Trypsinogen (lot No. TG709) was obtained from 
Worthington Biochemical Corporation, Freehold, New Jersey, 
and was the same material described in the preceding paper (3). 
The protein (containing 50° % MgSQO,) was dissolved in 0.01 M 
HC], dialyzed extensively in the cold against 0.001 m HCI pH 8, 
and then lyophilized. 

Solutions for physical measurements were prepared by the 
method of direct weighing, a correction being applied for moisture 
content, which was found to average 6% by drying samples to 
constant weight at 105° ina vacuum. In all the cases checked, 
good agreement was found with concentrations determined by 
area measurements of enlarged tracings (10) of ultracentrifuge 
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patterns of the solutions and application of the equation of 
Schachman (4). 

The sedimentation-velocity, viscosity, and approach to sedi- 
mentation equilibrium studies were carried out on trypsinogen 
preparations dissolved in phosphate buffer composed of 0.035 u 
NazHPO, and 0.015 mM KH2PO, at pH 7. The light scattering 
measurements were made on trypsinogen dissolved in buffers of 
the following composition: at pH 7, 0.035 m NasHPO, and 0.015 
M KH.2PO,; at pH 9.5 and 11.4, the appropriate amounts of 0.1 
M NasCO; and 0.1 m HCl; and at pH 12.5, 0.1 m KCl and 0.1 
mM KOH to the desired pH. 

In order to remove any residual tryptic activity from the 
solutions used for physical measurements, soybean _ trypsin 
inhibitor, crystallized five times from ethanol (Worthington), 
was always added in the weight ratio of 1 part of inhibitor to 
100 parts of protein. 

Sedimentation Velocity—The sedimentation velocity measure- 
ments were carried out in a model E Spinco ultracentrifuge at 
59,780 r.p.m. The sedimentation constant at each concen- 
tration was calculated from the slope of a plot of the log of the 
distance of the boundary from the axis of rotation against time. 
An allowance of 0.02 em was made for the stretching of the rotor 
at 59,780 r.p.m. (5). The temperature of the rotor was recorded 
throughout each run by means of a thermistor located in the 
base of the rotor. All the sedimentation constants were corrected 
to the density of water at 20°, as described by Svedberg and Pe- 
dersen (6). 

Viscosity—Ostwald-Fenske viscometers requiring 6.5 ml and 
with a water-flow time of about 240 seconds at 20° were used to 
measure the viscosity of trypsinogen solutions. Viscosities 
were calculated relative to the solvent, neglecting the kinematic 
correction. 

Light Scattering—Light scattering measurements were per- 
formed at a wave length of 436 my and at room temperature 
(25 + 2°) with the Brice-Phoenix light scattering photometer 
(7). Before the measurements, the protein solutions were 
clarified by filtration through Millipore filters, as described by 
Kay and Edsall (8). Turbidities on the pure solvents were 
determined in a similar fashion and were subtracted from the 
readings obtained with trypsinogen solutions. Scattering 
dissymmetries at 45 and 135° and depolarization measurements 
were czerried out in the Brice instrument in the prescribed manner. 
Both these quantities were found to be negligible; hence no cor- 
rections were applied. The data were plotted as He/7 against 
concentration and extrapolated to ¢ = 0 to obtain 1/M in accord- 
ance with the well known relation (9): 
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The refractive index increment for trypsinogen at 436 my 
was determined with the Brice-Phoenix differential refractometer 
(10). A value of 0.19 was obtained, corresponding to a Debye 
Factor, H, in the light scattering equation of 1.03 x 10-°. 

Approach to Sedimentation Equilibrium—These runs were 
observed in the Spinco model E ultracentrifuge equipped with 
a slow speed attachment (1:3 speed reduction). A speed of 
8770 r.p.m., chosen so as to avoid any separation of the boundary 
from the meniscus as well as any redistribution of solute, was 
found to be most satisfactory. The schlieren optical system 
was employed with a phase plate as the diaphragm. Pictures of 
all runs were taken at 60, 70, and 80° angles of the phase plate; 
for measurement, the 80° angle position was found to be most 
desirable in terms of yielding the sharpest outlines and minimiz- 
ing the uncertainty of the curve positions at both the meniscus 
and bottom of the cell. Runs were made with 12-mm cells 
using a 4° sector Kel-F centerpiece. A perfectly arc-shaped 
interface at the bottom of the solution was created by introducing 
0.1 ml of Dow-Corning No. 555 silicone fluid (11); this facilitated 
the studies of molecular weight at the cell bottom. It should 
be noted that the extrapolation procedure at the solution-silicone 
interface was rendered somewhat difficult by the thickening of 
the boundary with time. However, it was found that by con- 
sistently choosing the midpoint between the fringes of the 
solution-silicone boundary as the location of the cell bottom, 
good agreement in molecular weights could be obtained with the 
values calculated from data at the meniscus. The concentration 
of the original sample was determined in arbitrary units in a 
12-mm, 2° sector synthetic boundary cell (single capillary type). 

All sedimentation patterns were photographed on Kodak 
Metallographic plates with a 6-second exposure time, thus as- 
suring a high degree of resolution and contrast. The patterns 
were enlarged 10-fold in a photographic enlarger and were then 
traced directly onto 1-mm graph paper to facilitate measure- 
ment of the distances. The tracings and the measurements 
were carried out in accordance with procedures recommended by 
Schachman (12). No solvent correction was applied, since the 
centrifugal force was sufficiently low that no redistribution of 
electrolyte occurred. 

The concentration of the protein at the cell meniscus, c,,, and 
at the cell bottom, c,, was calculated from the measurements 
using the equations (13): 


0.1 "ez 
Cm = — (2a) 
0.1 
Co = Co + >> En? Zn (2b) 
F -2x,? Ny 


where co is the original concentration (determined in synthetic 
boundary cell); 0.1 em is the value of the interval between tabu- 
lated readings along the x axis; F is the enlargment factor; z,, 
%, and x, are the distances of the meniscus, bottom of the cell, 
and n‘* interval, respectively, from the axis of rotation; z, is the 
ordinate (proportional to concentration gradient, dc/dx); nz is 
the number of intervals needed to bring the ordinate to zero, and 
n = 0 and m, correspond to the meniscus and cell bottom inter- 
vals, 

The weight average molecular weights at the meniscus and 
bottom of the cell were then determined from the relations (14): 


RT (d./dz)m 


M, = 
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RT (d./dz)s 


M, = 


(3b) 


where VM and v are the molecular weight and partial specific 
volume, respectively; R is the gas constant; T is the absolute 
temperature; p is the solution density; w is the angular velocity 
of the ultracentrifuge cell in radians per second; and ¢ and de/dx 
are the concentration and concentration gradient, respectively. 
The subscripts m and b refer to the positions of the meniscus and 
the bottom of the cell, respectively. A value of 0.73 ml per g 
was used for v in these calculations (1). 


RESULTS AND DISCUSSION 


Sedimentation-Velocity— Representative photographs of a sedi- 
mentation-velocity run on trypsinogen in phosphate buffer at 
pH 7 are illustrated in Fig. 1. The s820,,, values of the protein, 
over the concentration range 0.1 to 0.9%, all fall closely on the 
same line, given by least squares as: s2,, = 2.7 (+0.05) — 0.15 
(+0.08) c, standard errors being given in parentheses. The in- 
trinsic sedimentation constant obtained, 2.7 8S, is higher than the 
value of 2.48 S obtained by Tietze for trypsinogen in acid pH 
media (1). However, the latter figure was obtained without 
making the correction for adiabatic expansion and contraction 
(15). Application of this correction results in raising the Tietze 
data by 2.5% to 2.558. The difference between this value and 
that determined in this study is within experimental error. 

Viscosity—lIntrinsic viscosities were determined in the conven- 
tional manner by plotting the reduced viscosity (n,,/c) against 
concentration and extrapolating to zero concentration. The 
least squares straight line of the data for trypsinogen in phos- 
phate buffer, over a concentration range of 0.1 to 1%, is given 
by Msp/c = 2.96 (+0.05) + 0.4 (+0.08) c. The intrinsic vis- 
cosity of 2.96 ml per g for trypsinogen indicates that its mole- 
cules in water are sparingly hydrated and close to spherical in 
shape. Of the forces responsible for maintaining so compact a 
structure, that exerted by intramolecular peptide hydrogen bond- 
ing is minimal, since the optical rotatory dispersion of trypsinogen 
in acid media (16) indicates that only 14% of the polypeptide 
chain, as calculated in this laboratory by the Yang-Doty method 
(17), is folded into a hydrogen-bonded helical configuration. 

Molecular Weight from Sedimentation-Viscosity—An estimate 
of the molecular weight was obtained by combining the sedimen- 
tation and viscosity data through the use of the Scheraga-Man- 


Fic. 1. Representative photographs obtained in sedimentation 
velocity runs on trypsinogen in phosphate buffer at pH 7. Speed, 
59,780 r.p.m.; bar angle, 50°; protein concentration, 1%; time after 
reaching full speed: (A) 0 minutes, (B) 16 minutes, and (C) 64 
minutes. 
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Fic. 2. Archibald run on 1°% trvpsinogen in phosphate buffer pH 7. Speed was 8770 r.p.m.; bar angle, 80°; temperature, 23°, 
Times after full speed are: (A) 0 minutes, (B) 60 minutes, (C) 129 minutes, and (D) 143 minutes. Photograph (E) is a synthetic 


boundary run for the same solution and conditions. 


TABLE 


Molecular weight of trypsinogen from approach to 
sedimentation equilibrium measurements 


Conditions: 1% protein solution in phosphate buffer of pH 7. 


Time of picture _ Mol. wt. at meniscus | Mol. wt. at cell bottom 
| 
min | | 
60 | 24,277 | 24, 164 
143 | 23 ,920 | 23 , 780 


0.1 G3 “OS 
PROTEIN CONCENTRATION (g./100ml.) 


Fic. 3. He/r plotted against concentration data for trypsinogen 
in buffered solutions of pH 7 (@), pH 9.5 (X), pH 11.4 (O), and 
pH 12.5 (A). 


TaBLe II 
Molecular weight of trypsinogen by light scattering 


pH of medium | (* | M 
7.0 | 4.23 | 23, 640 
9.5 4.15 | 24,100 
11.4 4.05 | 24,700 
12.5 4.10 | 24,400 


delkern equation (18): 


N.- 1/3, 3/2 
(4) 
— 


where V is Avogadro’s number, s is the infinite dilution sedimen- 
tation coefficient of the protein, [yn], the intrinsic viscosity, 7 
the viscosity of the solvent, v the partial specific volume of the 
protein, and po the density of the solvent. The parameter @ 


depends upon the hydrodynamic characteristics of the solvated 
protein molecule. By choosing 8 = 2.16 X 10° (the value for 
a rigid sphere), .7 can be determined with an accuracy of about 
5 to 10%, regardless of the characteristics of the solvated particle, 
Calculation with the sedimentation and viscosity values given 
above and a v value of 0.73 ml per g yields a value of 25,700 + 
2000 for 

Approach to Sedimentation Equilibrium—A typical schlieren 
photograph of the approach to sedimentation equilibrium and 
the companion photograph from the run in the synthetic bound- 
ary cell for trypsinogen at a concentration of 1% are presented 
in Fig. 2. Typical studies are summarized in Table I which 
presents molecular weight results calculated at two different 
times from the data at the top and bottom portions of the cell. 
It is to be noted that no significant difference appears between 
results at the top and bottom of the cell. Moreover, no signifi- 
cant drift occurs with time. Within the 143 minutes of observa- 
tion, it is concluded that there is no evidence of inhomogeneity 
in molecular weight. From the measurements, the molecular 
weight of trypsinogen, referred to the anhydrous state for which 
v was measured, is estimated to be 24,000 + 200. 

Light Scattering—The values of Hc/r, as obtained for tryp- 
sinogen at several different pH values, are plotted as a function 
of concentration in Fig. 3, in which the best straight lines have 
been drawn by the method of least squares. The intercept of 
He/r at zero concentration is the reciprocal of the weight average 
molecular weight, ./, according to Equation 1. The observed 
intercept values and their corresponding molecular weights are 
summarized in Table II. They are found to be independent of 
pH within the limits of experimental error. It is to be noted 
that the value of the interaction constant B is very close to zero 
at pH 9.5, at which the protein is essentially isoelectric (9.3). It 
rises on both sides of the isoelectric point with increasing net 
charge on the protein. Unfortunately, no quantitative signifi- 
cance can be attached to the relation of B to the net charge on 
the protein, since these measurements were carried out in buffered 


TaBLeE III 
Molecular weight of trypsinogen 
Method Mol. wt. 

Approach to sedimentation equilibrium... . 24,000 + 200 
24,200 + 1000 
Sedimentation-viscosity................... 25,700 + 2000 
Sedimentation-diffusion (1)................ 24,400 

Best average value.................... 24,500 


t 
| pH 7.0 | 
| 
| 
| 
| 5 pH 11.4 | 
O 4.5 O a 
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solutions in which there are uncertainties in the extent of buffer 
ion binding by the protein. 

All the molecular weight results are summarized in Table III, 
from which it is seen that good agreement has been obtained for 
the different methods employed; this may be taken as strong 
evidence for the homogeneity of the preparations used. These 
values also agree very favorably with that of 24,400 (corrected 
from 23,700 in order to take into account the adiabatic cooling 
of the rotor) calculated by Tietze from sedimentation-diffusion 


data. 
SUMMARY 


The molecular weight of trypsinogen has been determined 
from light scattering, approach to sedimentation equilibrium, 
and sedimentation-viscosity measurements. The values ob- 
tained by these methods are, respectively, 24,200 + 1000, 
24,000 + 200, and 25,700 + 2000. These values, together with 
the previously reported sedimentation-diffusion estimate of 
24,400, converge toward 24,500 as the most probable molecular 
weight of trypsinogen. 

Acknowledgment—The authors are indebted to Dr. R. N. 
O’Brien of the Department of Chemistry for use of the differen- 
tial refractometer. ° 
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The hypothesis that antibody y-globulin molecules consist of 
functionally different subunits had its origin in 1936 in the dem- 
onstration by Parventjev (1) that horse diphtheria antitoxin, 
when digested with pepsin, suffered no loss in antitoxic potency, 
whereas its antigenic activity was reduced. In the period from 
1941 to 1946, much work was done on the partial enzymatic 
hydrolysis of antitoxic pseudoglobulins to give biologically active 
fragments (2, 3). Northrop (4, 5) published evidence for the 
crystallization of an active fragment of diphtheria antitoxin having 
an 89, of 5.2 8S and a molecular weight of 100,000. Petermann 
(6) reported that papain cleaved bovine serum pseudoglobulin 
into halves and quarters with an so,. = 5.3 8 and 3.7 8S, respec- 
tively. Human y-globulin (7) was similarly cleaved to yield 
subunits with a molecular weight of 47,000 and an 8, = 4.1 S. 
However, a later analysis of the spreading boundary in the ana- 
lytical ultracentrifuge by Williams et al. (8) indicated that the 
resolution into 38, 58, and 7S components was rather arbitrary. 
Following earlier observations (9), Porter in 1958 (10) isolated 
three immunologically active fragments from a papain digest of 
rabbit y-globulin antibody. These fragments (designated 
Fractions I, II, and III in the order of chromatographic. elution) 
all had sedimentation coefficients of about 3.5 S, and molecular 
weights of 50,000, 53,000, and 80,000, respectively (11). Frac- 
tions I and II were similar in chemical and biological properties; 
each had the power to combine with, but not to precipitate, the 
antigen, and presumably each contained one antibody-combining 
site or valence. Fraction III had most of the antigenic specificity 
of the original molecule, but no antibody activity. 

Because of the great importance of these observations for the 
study of the structure of antibodies, we have extended this ap- 
proach to normal and pathological human y-globulins and to the 
y-globulins of various species. The kinetics and the mechanism 
of the specific cleavage have been studied. Two 3.5 S compo- 
nents, designated Fractions A and B, have been isolated from 
human y-globulin and have been analyzed, and an hypothesis is 
presented to explain their sequential appearance. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Protein Specimens—Three types of purified protein specimens 
were studied in this investigation; namely, (a) normal human 


* This work was aided by research grants from the National 
Cancer Institute (No. C-2803) and the National Heart Institute 
(No. H-2966), National Institutes of Health, United States Public 
Health Service. 

+t Present address, Division of Biology, The Institute for Cancer 
Research, 7701 Burholme Avenue, Fox Chase, Philadelphia 11, 
Pennsylvania. 


y-globulin obtained from pooled plasma, (6) pathological y- 
globulins obtained from the sera of patients who had multiple 
myeloma,” and (c) commercial samples of the y-globulins from 
various species.* 

Enzymatic Digestion—In order to avoid errors resulting from 
differences in activity of enzyme preparations, a single lot of 
papain was used throughout the investigation. This was ob- 
tained from Worthington Biochemical Corporation (Lot No. 
5444) as a crystalline suspension in 0.03 M cysteine (hereafter 
referred to as crystalline papain). Since crystalline papain is not 
very stable and autolyzes even at refrigerator temperature, the 
stable mercury derivative, mercuripapain, was prepared and was 
crystallized once according to the method of Kimmel and Smith 
(14). The quantity of enzyme present in the stock solution was 
estimated by Kjeldahl nitrogen determination. Unless other- 
wise specified, the digestion mixture contained 0.01 M cysteine 
and 0.002 m EDTA‘ as activators. The incubation temperature 
was 37°, but the time was varied in kinetic experiments. The 
proportion of 1 mg of papain to 100 mg of y-globulin was used 
in all experiments reported herein. The reaction mixture was 
made up in 0.01 m phosphate buffer, pH 6, in each experiment. 
The products of the enzymatic digestion were studied by chro- 
matography, ultracentrifugation, starch gel electrophoresis, and 
amino acid analysis. 

Chromatography—The cellulose ion exchanger CM-cellulose 
(15, 16) was used for the chromatography of proteins and their 
cleavage products.’ In order to attain maximal capacity, it 


1 The single sample of normal human y-globulin used throughout 
this investigation was received from the Merck Institute for 
Therapeutic Research through the courtesy of Dr. Benjamin E. 
Sanders. This sample (Lot No. 45875), was prepared from pooled 
plasma as Fraction II by the ethanol fractionation method. Note 
that the earlier nomenclature for ethanol fractions of whole y- 
globulin is not to be confused with Porter’s designation for the 


“fragments obtained by papain cleavage (10). 


2 The myeloma y-globulins used in this investigation have been 
described (12). These specimens (designated Wi, Jo, La, and Ag 
after the name of each patient) had been prepared by repeated 
ammonium sulfate precipitation from the serum of the individual 
patients. Considerable information had been accumulated on 
the properties of these proteins, such as sedimentation constants, 
electrophoretic mobilities, and N-terminal amino acids (12). 

3 Sample of y-globulins from various species were obtained from 
Pentex, Inc., Kankakee, Illinois, as ethanol Fraction II. Most of 
these specimens were not free from contaminating proteins, such 
as 71- or B-globulins, and several of the specimens had to be frac- 
tionated further by the use of chromatography (13). 

4 The abbreviations used are: EDTA, ethylenediaminetetraace- 
tate; CM, carboxymethyl; CMB, para-chloromercuribenzoate; 
BAL, 2,3-dimercaptopropanol (British anti-lewisite); and DNP, 
dinitrophenyl. 

‘The CM-cellulose derivative (Lot No. 1037, reagent grade, 
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was prewashed with mixtures of 0.5 m NaOH-0.5 m NaCl (1:1), 
followed by water, and was then equilibrated with the starting 
buffer. Since Type 20 is a fast flow grade, no decantation during 
washing, and hence, no air pressure during chromatography was 
necessary. To prevent overloading, the quantity of the ion 
exchanger used was at least 10 times that of the total protein to 
be chromatographed. 

The sample to be chromatographed was dialyzed against the 
starting buffer before application to the column, which had also 
been equilibrated with the same buffer. The protein was col- 
lected either by gradient or stepwise elution. In the former case, 
a solution of higher ionic strength was introduced into a constant 
volume mixing flask (500 ml) containing the starting buffer. 
The stepwise elution method was employed when it was desired 
to collect the protein as a concentrated fraction in a small volume. 
This was achieved by eluting the column directly with a solution 
of higher ionic strength (7.e. 0.5 m NaCl).6 All chromatographic 
operations were carried out at room temperature as recommended 
by Porter (10, 11) to avoid precipitation of fractions in the cold. 
Crystallization was observed for the rabbit y-globulin Fraction 
III, but not for the human protein cleavage products. 

The protein concentration in the eluate was estimated by 
measuring the absorption in the Beckman DU spectrophotometer 
at 280 mu. When CMB was used as the inhibitor, the absorp- 
tion of the eluate at 250 my was also recorded; for at this wave 
length CMB has a high absorption, whereas the protein has a 
minimal absorption. The change of ionic strength upon gradient 
elution was followed by means of a conductivity bridge (Type 
3216B, LKB Produktor, Stockholm, Sweden). All conductivi- 
ties were measured at room temperature (21-24°). The conduc- 
tivity at which a given protein specimen or fraction was eluted 
under standard conditions was found to be reproducible and 
highly characteristic.’ 

Ultracentrifugation—The Spinco model E analytical ultracen- 
trifuge was employed for the estimation of the molecular homo- 
geneity of the protein specimens and also for following the ki- 
netics of cleavage of y-globulins resulting from the action of 
papain. For sedimentation measurements, the solution was run 
at 59,780 r.p.m. in a standard cell with rotor temperature main- 
tained at 20°. Because the action of papain was not inhibited 
in some experiments, the timing of the run and of the automatic 
photographs were made identical in all runs, and the relative area 
of the components is given in all cases for a period of 80 minutes 
after full speed was reached. The 8 values reported were not 
corrected for the effect of protein and buffer concentration, be- 


Type 20, capacity 0.73 meq per g) was obtained from Brown Com- 
pany, Berlin, New Hampshire. 

*For preparative purposes, the stepwise elution method has 
thus far seemed better than starch gel electrophoresis. Porter 
(11) was not successful in fractionating the mixture of fragments 
from a papain digest of rabbit y-globulin antibody by use of zone 
electrophoresis. As indicated later, we have obtained excellent 


- resolution of the fragments from pathological human globulins, 


but some overlapping in the zones for fractions from normal 
human y-globulin, and similarly for Fractions I and II of rabbit 
y-globulin. When necessary, the chromatographic eluates were 
concentrated osmotically. A dialysis casing containing the eluate 
was covered for 1 hour with dry powdered sucrose. The sugar was 
removed by washing and dialysis, with a resultant concentration 
of the protein of about 10-fold. 

"Myeloma globulins of different mobilities are eluted at differ- 
ent conductivities and have a sharper chromatographic pattern 
than normal human ¥-globulin (13, 17). 
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cause in most instances it was of interest to ascertain only 
whether cleavage occurred or not. The Yphantis-Waugh separa- 
tion cell was employed for the separation of protein molecules 
which possess different sedimentation constants. With the use 
of this procedure to remove the undigested 6.6 S y-globulin, 
Fraction A was purified for amino acid analysis. 

Starch Gel Electrophoresis—The apparatus for starch gel 
electrophoresis was made of Plexiglas similar to the basic design 
given by Smithies (18, 19). The hydrolyzed starch was obtained 
from Connaught Medical Research Laboratories. The prepara- 
tion, dyeing, and washing of the gel were performed as described 
by Smithies (19). In order to make the y-globulins migrate 
sufficiently away from the origin, a 0.025 mM sodium acetate buffer 
pH 5.5 was used to prepare the gel, and 0.05 m sodium acetate 
buffer, pH 5.5, was used for the buffer vessels of the electrode 
compartments. Electrophoresis was carried out at room tem- 
perature for 12 hours at 120 volts and 20 ma (5.6 volts per cm). 

Amino Acid Analysis—The amino acid composition of the 
proteins and cleavage products was estimated by use of the 
Spinco automatic amino acid analyzer, model MS (20, 21). The 
instrument was initially calibrated with a known synthetic mix- 
ture of amino acids in order to obtain a constant for each amino 
acid. Frequent calibration was found to be necessary. The 
sample for amino acid analysis was taken up in triply distilled 
6 N HCl, sealed under vacuum, and hydrolyzed for 22 hours at 
105-107°. Determinations were made at least in duplicate 
whenever the sample size permitted. For comparative purposes, 
the results are expressed as the percentage of the total number of 
umoles of amino acids recovered, exclusive of ammonia and 
tryptophan. 


RESULTS 


Chromatographic Separation of Cleavage Products 


Rabbit ~-Globulin—Before the attempt to separate the papain 
cleavage products of normal human y-globulin by chromatogra- 
phy, an attempt was made to repeat Porter’s work on the separa- 
tion of a 16-hour papain digest of rabbit y-globulin into three 
fractions of approximately equal amounts (10,11). Asa control, 
an aliquot was taken immediately after the addition of papain, 
dialyzed in the cold, and chromatographed under conditions 
(CM-cellulose, 0.01 mM acetate buffer pH 5.5) identical to those 
used for the sample which was incubated for 16 hours. Since 
Porter had used dialysis to stop digestion after 16 hours of in- 
cubation, it was surprising to find that this control yielded four 
chromatographic components, a result indicating that papain 
was quite active, even at 4-5°, during the dialysis period. Chro- 
matography of the sample incubated for 16 hours showed only 
three components. Another control was made by chromatogra- 


_phy of the original protein without the addition of papain. By 


superimposing the conductivity gradient curves of these three 
chromatograms, it was demonstrated that three of the four peaks 
corresponded to Porter’s Fractions I, II, and III; the fourth peak 
corresponded to the original unhydrolyzed y-globulin which 
disappeared after 16 hours of incubation. It was evident that 
the initia] reactions involved in the papain cleavage of y-globulins 
were much more rapid than anticipated. 

Human y-Globulin—When normal human y-globulin was 
treated with papain, incubated for 16 to 36 hours at 37°, dia- 


' lyzed, and chromatographed under conditions identical to those 
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sent the conductivity (10°* ohm~') of the eluate at that point. 


human y-globulin incubated with crystalline papain for 16 hours at 37° and dialyzed overnight. 


designated A and B. 


for rabbit y-globulin, no resolution into fractions was obtained. 
However, a broad peak was eluted at a lower conductivity than 
for undigested y-globulin. This could indicate that the protein 
digest as a whole possessed a greater negative charge at pH 5.5 
than the original protein, or that it consisted of smaller molecules. 
Various chromatographic conditions were investigated to achieve 
a resolution of a 16-hour papain digest of human y-globulin com- 
parable to that reported for rabbit y-globulin. The factors 
which were varied included the pH gradient at constant ionic 
strength and the ionic strength gradient at various starting pH 
values. The best resolution thus far obtained was provided by 
the system illustrated in Fig. 1. For this, the protein was applied 
to the CM-cellulose column in a 0.01 M phosphate buffer at pH 6 
and was eluted by increasing the ionic strength with NaCl ac- 
cording to the gradient indicated by the conductivity curve of 
Fig. 1. The pH remained constant. Although by use of this 
chromatographic system, only one major peak (A) was obtained 
from a 10-minute papain digest of human y-globulin, two peaks 
(4 and B) were always resolved after prolonged incubation. Yet 
in both a 10-minute and a 16-hour digest, most of the y-globulin 
sedimented as a 3.5 S component. In the 16-hour digest, the 
first peak eluted (B) amounted to about 30% of the nondialyzable 
material, and the second peak (4) comprised about 70%. The 
dialyzable peptides were eluted with the first peak; this comes off 
before the gradient is initiated and just after the hold-up volume 
of the column and thus represents unadsorbed material. Frac- 
tion B (as opposed to Peak B) is defined hereafter as the 3.55 
component remaining after dialysis of this first peak. The sec- 
ond peak (A) contained a 3.5 S component (designated Fraction 
A) together with any residual 6.6 8S y-globulin. No dialyzable 


material was eluted with this peak. Although Fraction A was 
incompletely separable by chromatography from the original 6.6 


VOLUME OF ELUATE (mi.) 
Fic. 1. Chromatography of human y-globulin and its papain-digestion products. 


The numbers at the peak of the curves repre- 
, original human y-globulin, not treated with papain; ...., 
The chromatographic peaks are 


S globulin under any conditions tried (see Fig. 2, upper left), it 
differed from the undigested protein in having an 8 = 3.5§, in 
its electrophoretic properties, and in being eluted at a lower con- 
ductivity. Under standard chromatographic conditions similar 
to those of Fig. 1, the conductivity of the eluate for the maximum 
of a peak containing mainly Fraction A was 34 (+2) x 10¢ 
ohm~!, whereas that of the original y-globulin was about 54 x 
10-4 ohm-!. Fraction A has thus far been separated from re- 
sidual 6.6 S y-globulin only by use of the separation cell in the 
analytical ultracentrifuge (see Fig. 2, lower left). Kinetic stud- 
ies on the rate and sequence of appearance of Fractions A and 
B are described subsequently. 

When an undialyzed aliquot of the same digest illustrated in 
Fig. 1 was chromatographed, a large increase of the first peak (B) 
was obtained. However, about 60% of the 280 my absorbing 
material of this first peak could be removed by dialysis, indi- 
cating that small fragments, probably mixtures of peptides, were 
present. A high base-line at the meniscus of the ultracentrifuge 
diagram of the undialyzed first peak eluted by chromatography 
indicated the presence of material sedimenting slowly at full 
speed (59,780 r.p.m.), in addition to the 3.5 S component re- 
maining in a dialyzed aliquot (see Fig. 2, upper and lower right- 
hand diagrams). This material could be separated from the 39 
S Fraction B by stepwise elution chromatography beginning at 
pH 4.5. It was completely dialyzable. Analysis indicated that 
it contained peptides, but no free amino acids (see below). 

When the papain digestion was carried out in the presence of 
8 M urea, almost all the 280 mu absorbing material was dialyzable. 
Chromatography of the dialyzed reaction mixture gave only one 
small peak upon elution with the starting buffer, and nothing 
came off at the position at which the original protein should 
appear. Thus, when native protein is treated with papain, the 
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Fic. 2. Ultracentrifuge diagrams of chromatographically sepa- 
rated 3.5 S components. Upper left, Fraction A from chromato- 
graphic run CM-63A, phase plate angle of 50°. Lower left, Frac- 
tion A from chromatographic run CM-62A after removal of the 
6.68 component by the use of the separation cell, phase plate an- 
gle of 40°. Upper right, Peak B from an undialyzed 16-hour digest 
with crystalline papain, phase plate angle of 35°. Lower right, 
the same material after dialysis (7.e. Fraction B), phase plate an- 
gle of 35°. All photographs taken at 80 minutes after attaining 
full speed. The vertical dash lines indicate the approximate 
82,0 Of the components. In the diagrams, the direction of sedi- 
mentation is to the left. The analysis of Fraction B was done in 
0.01 m phosphate-0.1 m NaCl pH 6.0, and that of Fraction A in 
acetate buffer 0.025 m, pH 5.5. 


3.58 fragments are relatively stable to further action of the en- 
zyme, whereas the denatured protein tends to be cleaved into a 
whole series of random peptides. 


Ultracentrifugal Analysis of Cleavage Products 


Comparison of y-Globulins of Difierent Species—In this series of 
analyses, the y-globulins of various species were incubated for 
different lengths of time at 37° with crystalline papain in the 
presence of cysteine and EDTA, and the reaction mixtures were 
analyzed ultracentrifugally without the addition of an inhibitor. 
As always, the area analysis is given for 80 minutes after full 
speed was reached. The reported time of incubation (given in 
quotation marks in Table I) represents the actual incubation 
period at 37° before loading the ultracentrifugal cell and starting 
therun. However, since no inhibitor was used and the tempera- 
ture of the rotor during the run was kept at 20°, the papain was 
still somewhat active during the period of about 2 hours which 
elapsed until the two components were separated from each 
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other. Thus, in the case of normal pooled human y-globulin, 
about three-fourths of the protein was cleaved to 3.5 S compo- 
nents, even though the actual 37° incubation period was marked 
as “0” hour (Table I). Successive analysis of aliquots of the 
incubation mixture showed that after the initial rapid cleavage, 
more than 30 hours of incubation at 37° were required to cleave 
the remaining protein into 3.5 8 fragments and peptides. This 
experiment indicated the existence of a fraction comprising about 
10°¢ of the original protein, which was relatively resistant to 
papain. 

The effects of crystalline papain on the y-globulins of pooled 
normal human plasma and those from various species are com- 
pared in Table I. In the case of the animal globulins, only the 
“0O”- and ‘‘4”-hour incubation mixtures were analyzed in the 
ultracentrifuge. The results indicated that y-globulins from 
various species are cleaved at different rates. Like normal 
human y-globulin, two-thirds of the rabbit y-globulin molecules 
are cleaved to 3.5 S fragments within the period of ultracentrif- 
ugation, whereas more than 4 hours of incubation at 37° before 
the run were required for a similar change in the y-globulins of 
the horse and cow. The porcine protein seemed to be very 
resistant, since no 3.5 S component was detected at 0 hours. 
However, after incubation at 37° for 4 hours, an intermediate 
5.5 S component and some 3.5 S material were formed. 

This difference in susceptibility to papain cleavage of the y- 
globulins of various species suggested that further study of the 
3.5 S fragments of human y-globulin was warranted before the 
concept of a tripartite structure suggested for rabbit y-globulin 
(11) could be extended to the human protein. 

Cleavage of Normal and Pathological Human y-Globulins—A 
similar comparison was made of the effect of crystalline papain on 


normal and pathological human y-globulins (Table I). The 
TABLE I 
Cleavage of y-globulins from various species by 
crystalline papain* 
“9”? hrst hrst 
| 66S | | 35S | 55S | 668 
% % % % % % 
Species 
74 26 0 88 0 12 
67 33 0 100 0 0 
5 95 0 65 0 35 
7 85 8 72 0 28 
0 | 100 0 42 22 36 
Mvelomaft 
41 59 0 100 0 0 
90 10 0 100 0 0 


* The reaction mixture consisted of 10 mg of y-globulin in 1 
ml of phosphate buffer (0.1 mM, pH 6) containing 0.01 m cysteine 
and 0.002 mM EDTA. The proportion of 1 mg of enzyme to 100 mg 
of protein was maintained in all cases. No inhibitor was em- 
ployed. 

t “0” and ‘‘4’’ hours designate the incubation period at 37° be- 
fore loading the ultracentrifuge cell and starting the analysis. 

t The myeloma globulins all had an s29 = 6.6 8, but specimen 
Jo had a mobility intermediate between y- and @-globulins, 
whereas proteins Wi and Ag had a mobility at pH 8.6 identical 
to that of normal y-globulin (12). 
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PER CENT OF 3.5 S COMPONENT 


MOLAR CONCENTRATION OF K,Fe(CN), 


Fic. 3. Ferricyanide inhibition of papain cleavage of human 
y-globulin. The reaction mixture consisted of 10 mg of y-globulin 
and 0.1 mg of papain in 1 ml of phosphate buffer (0.1 mM, pH 6) 
containing 0.01 M cysteine and 0.002 Mm EDTA. The K;Fe(CN)<, 
was added to the reaction mixture at the final concentration indi- 


myeloma protein Jo with a mobility about that of the y;-globulin 
was somewhat more resistant than normal y. Globulins Wi 
and Ag with mobilities near the normal y2-globulin region were 
cleaved even more rapidly than the normal protein. It is also 
interesting to note that the myeloma proteins, like rabbit y- 
globulin, did not seem to possess a fraction which was relatively 
resistant to papain action such as was found for the normal hu- 
man ‘y-globulin from pooled sera. The rapid cleavage of these 
proteins by papain clearly demonstrated the need for an effective 
inhibitor that would permit study of the kinetics and mechanism 
of the scission. 


Effect of Activators and Inhibitors of Papain 


Potassium Ferricyanide—It has been known for a long time 
that papain is activated by reducing agents, such as H.S, HCN, 
cysteine, etc., and that its action is inhibited by sulfhydry]- 
combining reagents, such as CMB and iodoacetate (22). Since 
the effect of papain on y-globulins was so very rapid and seemed 
specific, it was of interest to try to stop its action during the early 
stages to permit study of the products formed. Various inhib- 
itors were investigated, beginning with potassium ferricyanide, 
which was recommended by Nisonoff and Woernley (23).  Ex- 
periments were made with different concentrations of this chem- 
ical added to the reaction mixture before or after the addition of 
papain, and the reaction mixtures were studied immediately 
thereafter in the analytical ultracentrifuge. When the inhibitor 
was added to the reaction mixture at a concentration of 0.01 mM 
immediately after the addition of papain, no inhibition was 
observed, but less 3.5 S component was formed as the concen- 
tration of K;Fe(CN). was increased (Fig. 3, Curve I). When 
the inhibitor was added to the reaction mixture before the addi- 
tion of papain, greater inhibition was observed (Fig. 3, Curve IJ), 


cated on the abscissa. Ultracentrifugal analyses were carried out 
immediately after the addition of all the reagents. In one series 
of experiments (represented by Curve J7), the inhibitor was added 
to the mixture before the papain; in the other series (J), the en- 
zyme was added first. 


but the reaction was not completely stopped, even at a final con- 
centration of 0.1 M K3Fe(CN).¢. Since the order of addition of 
the reagents affected the degree of inhibition, it was clear that the 
cleavage reaction occurred very rapidly. Furthermore, K;Fe. 
(CN). was not a suitable inhibitor for kinetic studies. 

para-Chloromercuribenzoate—It has been suggested by Kimmel 
and Smith (22) that cysteine and EDTA can be replaced by BAL 
which acts as both a chelating and a reducing agent. Accord- 
ingly, this chemical was tried as the activator, and CMB was 
used to stop the reaction by blocking the sulfhydryl groups of 
both papain and BAL. Preliminary tests revealed that BAL did 
not activate papain as readily as the combination of cysteine and 
EDTA, although CMB stopped the proteolytic reaction com- 
pletely. Furthermore, the addition of CMB to the BAL-acti- 
vated digest resulted in heavy precipitation, together with the 
formation of aggregates, as shown by ultracentrifugal analysis. 
For these reasons, and because there was some doubt about the 
quality of the reagent, the use of BAL was abandoned. 

It is well known that CMB, which is an excellent reagent for 
sulfhydryl groups, inhibits papain completely (22). However, 
because of the presence of cysteine at a concentration of 0.01 M 
in the standard reaction mixture, addition of CMB resulted in 
heavy precipitation. It was reasoned that if most of the cysteine 
were removed, the quantity of CMB necessary to inhibit the 
action of papain would be reduced. Attempts were thus made 
to wash off the cysteine through a CM-cellulose column before 
the addition of CMB, which would then inactivate the papain 
directly on the column. 

Representative data are given in Table II for the chromato- 
graphic separation of the products of the cleavage of human 7- 
globulin by crystalline papain with CMB added to the column 
to inhibit the enzyme. Also given are some ultracentrifugal data 
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on separate samples which were analyzed without the addition 
of an inhibitor. It should be recognized that there was a time 
lag of about 15 to 30 minutes for the application of the sample to 
the column in the case of chromatography and a delay of about 2 
hours from the time of filling the cell until the two components 
were completely separated in the case of ultracentrifugation. It 


was obvious that more rapid methods to stop the cleavage re- 


action were needed. However, the data revealed a progressive 
increase in the proportion of the peptides which does not parallel 
the increase in the 3.5 S component. The results also appeared 
to indicate that Fraction B is formed after Fraction A, and pos- 
sibly at the expense of the latter. Accordingly, a more rapid 
method of inactivating the papain was sought. In order to 
minimize nonspecific proteolysis, activated mercuripapain re- 
placed crystalline papain in all subsequent kinetic experiments. 

In further exploratory experiments using the ultracentrifugal 
pattern as a criterion, it was found that when the concentration 
of cysteine was reduced to 0.001 M, and when mercuripapain was 
substituted for crystalline papain, the reaction could be stopped 
within 10 seconds® by the addition of CMB at a final concentra- 
tion of 0.001 m. No heavy precipitation resulted in this case, 
and the final solution was suitable for ultracentrifugal and chro- 
matographic analysis. With the use of this procedure, a series 
of experiments was performed as described below. Hereafter, a 
concentration of 0.001 m cysteine will be understood whenever 
CMB is to be used as an inhibitor. 


Kinetic Study of Cleavage of Human y-Globulin by 
Mercurtpapain Followed by CMB Inhibition 


Chromatographic and Ultracentrifugal Analyses—To study the 
efficacy of CMB as an inhibitor, an experiment was set up in 
which aliquots of the digest were taken and added to CMB 
solution after incubation for periods of from 0 to 10 minutes. 
Ultracentrifugal analysis of these aliquots revealed that 4% of 
the protein molecules were cleaved into the 3.5 S components, 
even when the inhibitor was added within seconds after the 
addition of papain. After 10 minutes of incubation, 80% of the 
protein was cleaved into the 3.5 S components, a reaction which 
thereafter increased very slowly (Fig. 4). On the other hand, in 
separate experiments, it was established that continued incuba- 
tion after the addition of CMB produced no further change in 
the proportion of 3.5 S components. The results shown in Fig. 
4 emphasize that the cleavage of human y-globulin is nearly 
complete within minutes under conditions used by other workers 


_ who studied the products obtained after 16 hours of incubation. 


In another experiment, a large quantity of human y-globulin 
(1.0 g) was incubated with mercuripapain in 0.01 m phosphate 
buffer pH 6.0, containing 0.001 m cysteine and 0.002 m EDTA. 
After 0, 3, 1, 2, 4, 9, 244, 34, and 48 hours of incubation at 37°, 
a large aliquot was withdrawn and immediately added to a tube 
containing CMB to yield a final concentration of 0.001  in- 
hibitor. Chromatography by the stepwise elution method, 
ultracentrifugation, starch gel electrophoresis, and amino acid 
analysis were carried out on some of these aliquots. The rela- 
tive amount of 3.5 S fragments versus the 6.6 S original protein, 
as obtained through sedimentation studies, and also the amounts 


* Finkle and Smith (24) have found that the reaction of papain 
with CMB is exceedingly rapid and is essentially complete in 2 
to3minutes. The estimate of 10 seconds is based on ultracentrif- 
ugal data of Fig. 4, which indicated that the initial rate of cleavage 
Is first order with a rate constant of about 0.3 minutes~!. 
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TABLE II 


Chromatographic and ultracentrifugal analysis of products of 
cleavage of human y-globulin by crystalline papain 


The ultracentrifugal analyses were done under different condi- 
tions from the chromatographic experiments (see the text). The 
incubation period refers to the time before filling the ultracentri- 
fuge cell and starting the chromatography. No inhibitor was 
used. The percentage distribution was based only on the areas 
of the separated 6.6 S and 3.5 S components. The quantity of 
dialyzable peptides was not measured. . 


Ultracentrifugal analysis Chromatographic analysis* 
Incubation 
per 
3.558 6.6 S Peptidest Fraction B globulta 
hrs % % % % % 
*“Q”’ 74 26 3.8 0 87 
1 10.0 1.0 78 
4 91 9 16.2 2.4 69 
8 94 6 
16 25.5 17.0 45 


* All figures are expressed as the percentage of the 280 my ab- 
sorption of the total undialyzed hydrolysate. Any deviation of 
the sum from 100% is attributable to incomplete chromatographic 
recovery or volume change on dialysis. The inhibitor, CMB, was 
added on the column. 

t The undialyzed hydrolysate was run on the column. The 
material eluted in the first peak (containing both peptides and 
Fraction B) was dialyzed, and the amount of peptides was ob- 
tained by subtracting the nondialyzable Fraction B from the first 
fraction. 


of Fractions A and B collected from the chromatographic runs 
on CM-cellulose columns, are plotted as a function of time of 
incubation in Fig. 5. The extrapolated region of this figure refers 
to the data of Fig. 4. 

The chromatographically isolated Fractions A and B, from the 
aliquots after 4, 9, 243, and 48 hours of incubation, were con- 
centrated, dialyzed, and analyzed by starch gel electrophoresis. 
For comparison, samples of the original human y-globulin and 
the whole papain digest were also run under identical conditions 
(Fig. 6). Both the whole y-globulin and the digest migrated as 
a broad band toward the cathode at pH 5.5. The component in 
the digest that moved more rapidly than whole y-globulin proved 
to be Fraction A. Fraction B migrated as a sharper band than 
Fraction A, but more slowly at this pH. Because of the manner 
in which the aliquots were taken, the relative density of the bands 
is only approximately proportional to the abundance of the 
fraction in the digest at the time indicated. However, it is 
significant that the distance of migration and the length of the 
band are constant with time for each fraction. In many experi- 
ments, Fractions A and B, isolated by the column method and 
then dialyzed, have consisted predominantly of 3.5 S components 
and have the electrophoretic characteristics indicated in Fig. 6. 
Ultracentrifugal analyses of Fraction A from chromatographic 
runs CM-62A and CM-63A have already been shown in Fig. 2. 

The above results (Figs. 4 to 6) indicated that human y-glob- 
ulin is jcleaved very rapidly by papain into at least two 3.5 S 
fragments with characteristic chromatographic and electro- 
phoretic properties. Within 10 minutes of incubation, about 
80% of the protein was cleaved, whereas the remaining 20% was 
cleaved at a much slower rate. About 10% of the protein was 
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| 3.5S 66S electrophoretic pattern, was produced. (Most of the undialyzed 

6.6 35 
11 | Fraction B at 30 minutes in Fig. 5 represents peptides and other 
unadsorbed nonprotein material.) After the initial rapid cleay. 
K | O MIN. 4% 96% age, Fraction A appeared to diminish gradually, whereas Frac. 
tion B increased proportionately, as if part of Fraction A had 


: been converted to B until a constant value was reached. _ In this 
case, it was noted that the final amount of Fraction A was about 

2 MIN. 41 % 59% twice that of Fraction B without correction for peptide material, 
Stability of Fractions A and B—Since Fraction B was not 
formed during a short incubation, which still cleaved 80% of 
the y-globulin to 3.5 S fragments, it seemed necessary to test 
whether Fraction A was actually converted to B (or vice versa) 
5 MIN. 70 % 30% when the isolated fractions were subjected to papain action. 4 
series of successive digestion experiments was also performed to 
ascertain whether the papain or activator present had been in- 
sufficient to achieve complete conversion in the earlier experi- 
10 MIN. 81% 19 % ments. For this study, a large sample of human 7¥-globulin was 
| incubated with mercuripapain in the presence of cysteine and 

| EDTA. After 24 hours of incubation, part of the reaction miv- 
ture was chromatographed to isolate Fractions A and B, and the 
latter were separately incubated with mercuripapain for 24 hours 
ee SOMIN. — 6i% 19 % (left-hand diagram of Fig. 7). These reaction mixtures were 
again chromatographed to isolate the remaining Fractions A and 
ii B. Ultracentrifugal analysis was performed to estimate the 

Fig. 4. Ultracentrifugal analysis of the action of activated mer- quantity of the residual 6.6 S y-globulin. As shown in the left- 3 
hand side of Fig. 7, further incubation of either Fraction A or B 
Ly: esteem resulted in no interconversion of the fractions. In both cases, | 
considerably more peptide was formed after additional incubation 


is based only on the areas of the separated 6.6 S and 3.5 S com- ; , nase : 
ponents. The quantity of dialyzable peptides was not measured. with papain. To test further whether additional papain and 


The buffer was 0.01 m phosphate pH 6.0. The vertical dash lines activators were required for the supposed conversion of Fraction 
indicate the approximate 820.0 of the components. A to B, an aliquot of the original 24-hour digestion mixture was 
incubated again for 24 hours with more cysteine and papain 
ees added to it (right-hand diagram of Fig. 7). Chromatographic 
6 analysis of this double incubation mixture showed the same 
distribution of Fractions A and B as in the single incubation, 
3.5 $ although more peptides were formed in the double incubation. 
When the amount of Fraction A was corrected for the content of 
6.6 S y-globulin, the ratio of Fraction A to Fraction B in both 
experiments was very close to 2.0. Fraction A obtained from 
eae the 48-hour double incubation mixture was reincubated with 
activated mercuripapain. Although the peptide material again 
increased, no new Fraction B was formed. Thus, the stability 
of Fraction A obtained after long incubation was further con- 
6.6 S firmed; 7.e. it was not converted to Fraction B, in contrast to 
what appeared to happen to some of the material from Peak A 
obtained after short incubation. 
: The above experiments proved that only part of the early 
activated formed 3.5 8 material of Peak A converted to Fraction and 
represent the ultracentrifugal analysis of aliquots inhibited with that the remaining3.5 5 material is Fraction A, which is resistant 
CMB after various periods of incubation at 37°, expressed in terms to prolonged papain digestion even in the presence of additional 
of the percentage of 3.5 5 and 6.6 S components. @ represents cysteine and papain. Fraction B seemed somewhat more sus 
the chromatographically separated Fractions A and B. In addi- ceptible to proteolytic degradation than did Fraction A, but the 
tion to the 3.5 S components, Fraction A contains any unhydro- quantity of peptides increased considerably after prolonged 


lyzed (6.6 S) y-globulin. Fraction B was not dialyzed. The : ; ; : 
dotted lines indicate the region of the curves at which the rate of | papain action, whether on the whole digest or the isolated frac- 


change is too great for accurate graphing on the time scale used. tions. 


PER CENT OF PROTEIN 


TIME OF INCUBATION (HOURS) 


Since the amount of peptide was quite variable in different al 
rather resistant to cleavage by papain. The 3.5 S fragments experiments and seemed possibly unrelated to the cleavage rt 
that were formed during a short incubation period (i.e. within action, we were led to investigate whether the action of mercurl- et 
several hours) behaved chromatographically and electrophoreti- papain alone without any activator would reduce the amount of al 


cally like Fraction A (Figs. 5 and 6). During this period, very peptides formed. The results given in Table III indicate that Cc 
little Fraction B, which has a different chromatographic and when human y-globulin was incubated for 15 hours with mer- ul 
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WHOLE PAPAIN DIGEST 


WHOLE y - GLOBULIN 


CM- 60A 
0.5 HOUR DIGEST 
CM-60B8 
9 HOUR DIGEST 
CM- 618 
CM-63A 
24.5 HOUR DIGEST 
+ CM- 638 
CM-62A 
48 HOUR DIGEST 
CM- 628 


STARCH GEL ELECTROPHORESIS AT pH 5.5 OF 
CHROMATOGRAPHICALLY SEPARATED FRACTIONS. 


Fic. 6. Starch gel electrophoresis of whole human y-globulin, 
an unfractionated papain digest of human y-globulin, and chro- 
matographically separated Fractions A and B. The cathode is to 
the left in the diagram. The conditions and time of electrophore- 
sis were the same for all samples. CM-60, etc., are numbers of 


HUMAN 7—GLOBULIN 


24 HOURS 
24 HOURS se More cysteine and 
24 HOURS 
94% 3.5 S$ 98% 35 S$ 
6% 6.6 S$ 2% 66 S 
CM-Cel lulose | CM-Cellulose 
A 8 Peptides A 8 Peptides 
51% 23% 21% 42% 19.7% 36.4% 
92% 35 35S 97% 35 S 100% 35 S 
8&% 66 S 85% 66 5S 3% 66 S 
24 Hrs. 24 Hrs. 24 Hrs. 
Papain Papain Papain 
| digestion 4 Agestion 
Cm CM 
~ 
A Peptides 8 Peptides A Peptides 
66% 31% Si% 8I% 18% 


_ Fie. 7. Flow diagram for an experiment involving successive 
incubation with activated mercuripapain of human y-globulin 
and of the 3.5 S fragments thereby obtained. 


curipapain without any activator, very little peptide was formed, 
although 63% of the protein was cleaved to 3.5 S fragments. 
Chromatographic analysis in a separate experiment in which 
unactivated mercuripapain was incubated for 16 hours with +- 


chromatography runs; A and B represent the respective fractions. 
The fractions analyzed were from the experiment illustrated in 
Fig. 5. For ultracentrifugal diagrams of Fraction A in chromato- 
graphic runs CM-62A and CM-63A, see Fig. 2. 


globulin revealed the presence of both Fractions A and B, as 
well as some of the original protein. In the presence of both 
cysteine and EDTA, only 6% of the original protein remained, 
but a large quantity of peptides was liberated at the same time. 
When either cysteine or EDTA alone was used as the activator, 
80% of the protein was cleaved to 3.58 fragments, and relatively 


little peptide was formed. Thus, mercuripapain is somewhat 


active in the absence of an added activator; full activity is 
achieved only when both cysteine and EDTA are present, but 
then a much larger proportion of peptides is formed. 


TaB_e III 
Effect of activators on cleavage of human 
y-globulin by mercuripapain 
Incubation of 1% y-globulin for 15 hours with mercuripapain in 
0.01 m phosphate buffer pH 6.2 in presence of activators. The 
complete system contained 0.001 mM cysteine and 0.002 m EDTA. 


| Ultracentrifugal Trichloroacetic acid- 


components* soluble supernatant 
Activators | 
Solubl Bond 
35S | 668 | 
% 
Cysteine + EDTA........... 94 6 32.6 125 
| 6 33 7 


* Proportion of components resolved by ultracentrifugal anal- 
ysis. 

+t Percentage of material soluble in 5% trichloroacetic acid as 
measured by optical density at 280 mu. 

t Calculated from ninhydrin determination, expressed as the 
number of leucine equivalents per mole of original protein. 
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It was interesting that when unactivated mercuripapain 
cleaved two-thirds of the protein molecules, only about seven 
bonds were broken per mole of original y-globulin, whereas use of 
the fully activated enzyme led to a great increase in the number 
of bonds broken relative to the additional y-globulin cleaved. 
Of course, calculation by this method of the number of bonds 
broken gives a composite value for any specific proteolytic 
cleavage to form 3.5 8 units plus any random degradation of 
these units (or of the resistant 6.6 S fraction) to yield low molec- 
ular weight peptides. Thus, doubling the amount of soluble 
peptides by use of EDTA as an activator doubled the apparent 
number of bonds broken. It is conceivable that only one to two 
bonds per mole of 6.6 8 y-globulin are broken in the formation of 
the 3.58 fragments, and that the remaining increase in ninhydrin 
color is a consequence of random degradation to form low mo- 
lecular weight peptides. 

Amino Acid Composition of Peptides after 10-Minute Incubation 
—Since the initial scission of human y-globulin by mercuripapain 
seemed to be very rapid and specific, attempts were made to 
ascertain the nature of the specific cleavage; t.e. whether free 
amino acids or specific peptides, as well as the 3.5 S components, 
are released by enzymatic action, or whether only the 3.5 8S frag- 
ments are formed in the cleavage of the original 6.6 S molecule. 
Because papain is known to be an enzyme with broad specificity 
(22), it would be surprising if only two peptide bonds were 
cleaved, the minimum necessary to form three fragments from a 
single polypeptide chain (e.g. rabbit y-globulin); or if only one 
peptide bond were split, a possibility for human y-globulin, 


TABLE IV 
Amino acid composition of peptide material 
obtained from 10-minute digests 


All figures are expressed as the percentage of total recovered 
pmoles of amino acids, exclusive of ammonia, tryptophan, and 
half-cystine. The latter is omitted because of the presence of 
cysteine as an activator. 


Trichloro- 4 Peptide fractions* 
Amino acid Peptide 1-Globatin 
tant P-1 | P-2 
% % % % % 
5.35 | 2.26 | 2.73 | 3.65 | 6.60 
eee oe 1.58 1.04 1.49 1.20 1.97 
4.09 1.49 1.74 1.83 3.09 
Aspartic acid. ...... 8.56 9.42 | 11.38 7.83 8.51 
Threonine...........| 9.62 8.87 7.79 = 10.32 8.38 
12.21 | 12.32 | 8.43 13.05 | 12.40 
Glutamic acid........ 10.30 | 11.09 16.43 10.42 10.41 
11.90 9.28 16.28 9.23 8.17 
8.27 9.20 4.74 8.63 7.18 
5.76 6.60 7.40 6.52 5.52 
Methionine. ........ 0.91 0.67 0.28 0.65 0.54 
Isoleucine...........| 2.32 2.40 1.79 2.42 2.46 
| 7.35 8.75 5.12 9.57 7.84 
«3.90 4.22 2.46 1.41 4.44 
Phenylalanine.......| 3.51 4.14 4.96 2.63 3.39 


* The peptide mixture was prepared by chromatography of the 
papain digest of y-globulin, and the peptide fractions P-1 and P-2 
were obtained from the mixture by the gel filtration method (see 


the text). 
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which has at least two polypeptide chains presumably joined 
together by disulfide bonds which might become exposed to the 
cysteine in the digest. 

The presence of any free amino ‘acids liberated during the 
initial cleavage was investigated for in the case of an activated 
mercuripapain digest which was inhibited with CMB after 19 
minutes of incubation. The protein was precipitated with tri. 
chloroacetic acid. The supernatant solution was extracted 
with ether to remove trichloroacetic acid; it was then concen. 
trated, and an aliquot was analyzed directly for amino acids 
without hydrolysis. The results indicated that no free amino 
acids were present in the acid-soluble fraction, whereas all 17 
amino acids that survive acid hydrolysis of y-globulin were found 
when an aliquot of the trichloroacetic acid-soluble fraction was 
hydrolyzed with HCI (Table IV). 

Since precipitation of protein by trichloroacetic acid may not 
be 100% complete, any trace amount of protein present in the 
supernatant solution may obscure the true amino acid composi- 
tion of the peptides, the moreso since after short incubation the 
peptides represent only about 5% of the original protein. Hence, 
the chromatographic method was applied to collect the peptide 
material from a similar 10-minute digest by the use of a CM. 
cellulose column equilibrated at pH 4.5. At this pH, the pep- 
tides, together with other small molecules, such as CMB, eys- 
teine, and EDTA, are eluted, whereas Fraction B is bonded to 
the column. The eluted peptide fraction was completely dia- 
lyzable, and like the trichloroacetic acid supernatant solution, 
it contained all the amino acids found in an acid hydrolysate of 
the whole y-globulin (Table IV). Thus, the presence of a mix- 
ture of peptides was indicated because it is unlikely that all 17 
amino acids are linked in one polypeptide chain that is small 
enough to be dialyzable. 

Because the presence of added cysteine in the peptide material 
obscured the quantity of cysteine covalently linked in the pep- 
tides, the gel filtration method using Sephadex (25) was applied 
to separate the small molecules (CMB, cysteine, EDTA, and 
phosphate ions) from the true peptides. The results indicated 
that although the main peptide peak (P-1) was well separated 
from the CMB-cysteine peak, a tailing part (P-2) was also pres- 
ent. The relative increase in ninhydrin color after hydrolysis 
proved that the tailing peak consisted of peptides of shorter 
chain length than those in the main peptide peak. Amino acid 
analysis of both Sephadex fractions indicated the presence of 
the same 17 amino acids. Thus, further confirmation was ob- 
tained for the liberation of a mixture of peptides during 10 min- 
utes of incubation with activated mercuripapain. 

Although the qualitative composition is similar for the various 
peptide fractions and the whole protein, there are marked differ- 


® The capacity of the Sephadex column (G-25) to separate a 
mixture of peptides was established by a test run on a tryptic 
digest of serum albumin with added EDTA, cysteine, and CMB 
as in the papain digest. The CMB-cysteine and peptide peaks 
were located by measurement of the absorption at 280 and 250 mg, 
the conductivity, and the ninhydrin color. The first fraction 
passing through (analogous to P-1 of Table IV) gave a five-fold 
increase in ninhydrin color after HCl hydrolysis compared to only 
a doubling in color for a fraction analogous to P-2. Thus, the 
latter contains the smaller peptides, as expected. An attempt 
was also made to use Sephadex with a higher percentage of water 
regain (G-75) for separation of 3.58 and 6.68 material. However, 
since in a trial run ovalbumin (ss = 3.4 S) and y-globulin (6.6 S) 
were eluted together, the procedure did not seem feasible for the 
separation of y-globulin and the 3.5 S fractions. 
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TABLE V 
Amino acid composition of fractions A and B and of normal y-globulin 


Expressed as the percentage of the total recovered umoles of amino acids, exclusive of ammonia and tryptophan. 


Fraction A Fraction B 
Amino acid Normal y- Purified A: 

16 hrs 25 hrs 48 hrs 24 hr* 48 he 
(2) (3) (4) (3) (6) 
6.42 6.59 6.23 6.41 + 0.14 6.46 7.37 7.16 6.61 
1.79 1.82 1.73 1.78 + 0.05 1.93 1.89 2.07 1.67 
3.09 3.15 3.08 3.11 + 0.05 3.02 3.16 3.02 2.97 
Aspartic 7.87 7.80 7.71 7.79 + 0.10 8.32 7.37 9.26 8.63 
ont skilled 8.38 8.39 8.43 8.40 + 0.03 8.20 8.05 7.49 8.05 
13.01 13.10 13.27 13.13 + 0.14 12.15 14.01 11.50 12.00 
9.77 9.70 9.50 9.66 + 0.16 10.20 8.64 11.50 10.75 
6.99 6.82 7.11 6.70 + 0.31 7.98 9.14 9.10 7.33 
ere eee 7.34 7.30 7.55 7.39 + 0.13 7.02 6.85 5.95 6.73 
5.79 5.74 5.76 5.76 + 0.03 5.40 5.23 4.25 5.16 
2.22 2.36 2.28 2.29 + 0.07 2.16 1.76 1.45 2.32 
8.88 8.91 8.86 8.88 + 0.11 $.96 7.77 8.86 9.05 
0.83 0.82 0.72 0.79 + 0.06 0.53 0).87 0.78 0.74 
2.12 2.20 2.29 2.20 + 0.07 2.40 2.42 1.85 2.10 
7.66 7.72 7.75 7.71 + 0.04 7.67 8.17 7.91 7.77 
4.38 4.19 4.27 4.28 + 0.11 4.35 4.00 4.34 4.35 
3.55} 3.48} | 3.58] 3.54 + 0.09 3.32 3.25 3.54 3.87 


 * Single analysis. All other results are in duplicate. 
t Includes methionine sulfoxides. 
t Includes glucosamine. 


For the 25-hour sample, phenylalanine separated from glucosamine in one analysis, giving a value of 


3.34% compared to 3.62% for the other analysis in which glucosamine was under the phenylalanine peak. The position of glucosamine 
was verified by the use of an authentic sample; it could be shifted by a slight change in the buffer pH. 


ences, particularly in the content of basic amino acids, dicarbox- 
ylic acids, valine, and proline. The striking difference in the 
quantitative composition of the Sephadex fractions P-1 and P-2 
is clear proof that a mixture of peptides was formed even during 
the 10-minute incubation. These experiments were done before 
the discovery that unactivated mercuripapain could cleave two- 
thirds of the y-globulin molecules in a 15-hour period with the 
formation of only 2% peptide material compared to 80% cleav- 
age with the release of 5% peptide material after 10 minutes of 
incubation with activated mercuripapain. However, the data 
clearly refute the possibility that a single large peptide (analo- 
gous to fibrinopeptide) is released during the cleavage of -y-glob- 
ulin. Indeed, there is no evidence that these peptides are cleaved 
during the specific cleavage of y-globulin to 3.5 S units. Since 
both the amount and the composition of the peptide material 
are highly variable, it appears that most, if not all, of the pep- 
tides were formed by random degradation of denatured protein. 
The large increase in peptides observed with crystalline papain 
compared to activated mercuripapain is further evidence for 
this conclusion. 

Amino Acid Composition of Human y-Globulin and of Fractions 
A and B—Although the peptides liberated during the initial 
Cleavage did not have a definite amino acid composition, it still 
seemed interesting to compare the composition of the 3.5 S frac- 
tions with that of the original human +-globulin and to correlate 
their chromatographic and electrophoretic properties. The re- 
sults given in Fig. 7 indicate that after repeated papain action, 
Fraction A is resistant and Fraction B is somewhat more sus- 
ceptible to prolonged proteolytic digestion. This observation 
was confirmed by analyzing the amino acid composition of Frac- 


tions A and B isolated after different periods of incubation. In 
this instance, a large quantity of normal human y-globulin was 
incubated with activated mercuripapain as described previously. 
After 10 minutes, 7, 16, 25, and 48 hours of incubation, aliquots 
were removed, and the reaction was stopped by the addition of 
CMB. A portion of each of these samples was dialyzed against 
distilled water and used for amino end group analysis. The 
A fractions from 16, 25, and 48 hours of incubation were isolated 
chromatographically by stepwise elution with 0.5 m NaCl.’ 


1 In these experiments the proportion of Fraction B in the 
dialyzed digest was only 9 to 12% and the ratio of Fraction A to 
B after correction for the 6.6 S component was greater than the 
value of 2.0 observed earlier. The proportion of peptides was 
increased, and it was thought that some reactivation of papain 
had occurred during the unusually long dialysis period, with a 
resultant preferential degradation of Fraction B. To establish 
that Fraction A eluted with 0.5 mu NaCl by the stepwise method 
was free from Fraction B and was analogous to the 3.5 S fraction 
identified by the gradient method (see Fig. 1), a sample of Frac- 
tion A from a 48-hour digest was rechromatographed by the 
gradient method. None of the protein came off before the gra- 
dient was applied, and most was eluted at the same conductivity 
as the Fraction A shown in Fig. 1 (1.4. 34 K 10°* ohms“'). This 
indicates that a true separation from Fraction B was obtained by 
the stepwise method. However, a minor component with the low 
optical density ratio of 0.45 (280 my to 250 my) came off the colurnn 
just before the conductivity of the eluent began to increase. This 
material (not indicated in Fig. 1 in which CMB was not used) 
proved to be CMB-papain, for in a control run the latter was 
eluted at the same position and had the optical density ratio given 
above. Since papain was present in the original digest at an 
enzyme to protein ratio of only 1:100, the CMB contaminant 
represented no more than 2 to 3% of Fraction A. 
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132 Cleavage of Human y-Globulin by Papain 


The amino acid composition of these fractions was analyzed, and 
the average of duplicate values is given in the first three columns 
of figures in Table V. The close agreement of the composition 
of these fractions is shown by the standard deviation given in 
the fourth column. In all cases, the standard deviation is within 
the range of error (+3%) attributed to the method (20, 21), 
except for proline and methionine; in the latter case, the amino 
acid is present in small amount and is partially oxidized during 
acid hydrolysis. For comparison, the amino acid composition 
of the original human y-globulin is shown in the fifth column. 
The resemblance of Fraction A to the whole y-globulin is striking. 
Probably, only the decrease in dicarboxylic acids and proline 
and the increase in hydroxyamino acids are significant. A de- 
crease in dicarboxylic acids would explain the more rapid cath- 
odic mobility of Fraction A at pH 5.5, 4e. as the result of a greater 
net positive charge. Despite this, and perhaps as a result of its 
smaller size, Fraction A is eluted at a lower conductivity than 
intact y-globulin from the negatively charged CM-cellulose col- 
umn at pH 6.0. Since chromatographically isolated Fraction A 
contains about 10% of residual 6.6 S y-globulin, an attempt 
was made to remove the latter by ultracentrifugation in the 
separation cell. In a separate experiment, a sample of Fraction 
A (48-hour incubation) was purified by this method; the amino 
acid composition is given in the sixth column of Table V. The 
analogy to whole y-globulin is again evident. As in the series 
of analyses on chromatographically isolated Fraction A, the ul- 
tracentrifugally purified Fraction A was lower in dicarboxylic 
acids and higher in serine than the whole protein. However, 
lysine and proline were anomalously high. Unfortunately, the 
ultracentrifugal method was too tedious to prepare an adequate 
number of samples for repeated analysis. 

Because Fraction B is more susceptible than Fraction A to 
proteolytic digestion, one might expect some variation in the 
composition of Fraction B after different periods of incubation. 
The results given in the last two columns of Table V suggest 
that Fraction B isolated after 24 and 48 hours of incubation has 
a different composition. Since these data represent single analy- 
ses on samples obtained in different experiments, they serve 
only in a general way to indicate an increase in dicarboxylic 
acids relative to whole y-globulin or Fraction A. Such an in- 
crease would explain the lower cathodic mobility of Fraction B 
at pH 5.5 and the failure of Fraction B to be adsorbed to the 
negative CM-column at pH 6.0. 


TABLE VI 
N-Terminal groups of dialyzed papain digests of human y-globulin 
Results are expressed as the optical density ratio of the DNP- 
amino acid relative to DNP-aspartic acid. The latter was pres- 
ent in a molar ratio of about 1.0 in the original protein and in all 
the incubated samples. Traces of DNP-serine were present in 


all samples. 


Incubation time | Aspartic acid | Glutamic acid Threonine potas at 
10 min 1.00 1.45 1.17 0.31 
7 hr 1.00 1.46 0.44 1.46 
16 hr 1.00 1.24 . 1.25 
25 hr 1.00 1.28 - 1.07 
48 hr 1.00 1.54 4 1.42 


* Negligible. 
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Amino End Group Determination— Aliquots of the digests from 
which Fraction A was isolated for amino acid analysis (Table V) 
were taken for N-terminal group estimation according to the 
method of Sanger (26). Before reaction with fluorodinitrobep. 
zene, the digests were dialyzed to remove peptides, but wer 
not fractionated by chromatography. The ether-soluble DNP. 
amino acids liberated on acid hydrolysis were separated by paper 
chromatography by the one-dimensional method of Blackbum 
and Lowther (27) with the use of tertiary amyl alcohol and 
phthalate buffer. In two-dimensional chromatography, the lat. 
ter system was used in the first direction; for the second dimen. 
sion, 1.5 Mm phosphate pH 6 was employed (28). Water-soluble 
DNP-amino acids were separated by use of the tertiary amy] 
alcohol system. The determination was semiquantitative be. 
cause of transfer errors and the lability of DNP-amino acids; 
hence, the results were expressed as the molar ratio relative to 
DNP.-aspartic acid, which was present in the original y-globulin 
in a molar ratio of about 1.0. From the data of Table VI it js 
evident that the proportion of aspartic and glutamic acid end 
groups did not change significantly upon papain cleavage of y- 
globulin. However, after 10 minutes of incubation, a new amino 
end group, threonine, appeared in stoichiometric proportions 
relative to the aspartyl end group. On continued incubation, 
threonine disappeared and was replaced by leucine (or isoleucine). 
The latter change paralleled in time the appearance of Fraction 
B, as observed previously (see Fig. 5), but was not correlated 
with the proportion of Fraction B observed chromatographically 
in this experiment. However, the progressive change in end 
groups is additional evidence for a sequence of reactions involving 
cleavage of peptide bonds. Separate experiments are being 
undertaken to study further the locus of the bonds involved in 
papain cleavage and the nature of the N-terminal groups of the 
purified 3.5 S Fractions A and B. Ina similar study of a patho- 
logical macroglobulin, leucine (or isoleucine) but not threonine 
was released concurrently with the formation of 3.5 S fragments." 

Action of Papain on Other Proteins—In exploratory study, it 
was found that new sedimenting components were not formed 
after either 2 or 4 hours of incubation of crystalline ovalbumin 
and crystalline human serum albumin with papain. A povw- 
dered sample of bovine serum albumin, presumably containing 
denatured protein, sedimented with a high meniscus indicative 
of peptides, but the major boundary had an 8,,., of about 48. 
Several Bence-Jones proteins with an 82 = 3.6S gave an inter- 
mediate boundary (1.5 S) that was diffuse. Although further 
study of the papain cleavage of Bence-Jones proteins might be 
worthwhile, specific cleavage to form stable fragments seems to 
be a phenomenon characteristic of y-globulins. 

The human globulins cleaved include not only normal ¥-glob 
ulin and myeloma globulins of the 6.6 S size class (Table I) but 
also macroglobulins, 7.e. pathological proteins of the high molec- 
ular weight 19 S class... As expected from the greater homo- 
geneity of the myeloma globulins, the latter all yield more homo- 
geneous 3.5 S fragments, as judged by starch gel electrophoresis. 
Abnormal globulins having mobilities higher than ‘y-globulin at 
pH 8.6 are readily cleaved. For individual myeloma proteins, 


11 Stable 3.5 S fragments with the transient appearance of a7 § 
intermediate are formed by papain cleavage of 19 S pathological 
macroglobulins. Several chromatographically and_ electropho- 
retically separable 3.5 S fractions have been obtained which appear 
to differ for individual macroglobulins. Tan, M. and Putnam, 
F. W., unpublished experiments. 
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several chromatographically separable 3.5 S fractions are ob- 
tained which are identifiable with the various electrophoretic 
components. However, the number and type of 3.5 S fragments 
vary for the individual specimens. Study is being made of the 
relationship to Fractions A and B of the 3.5 S fragments obtained 
from abnormal globulins. 


DISCUSSION 


Since Porter (10, 11) demonstrated the isolation of biologically 
active fragments from a papain digest of rabbit y-globulin, many 
investigators have begun to apply this method to investigate the 
structure of antibodies and their combining sites and thus to 
study the nature of the antigen-antibody reaction. To validate 
this approach, one should investigate at least three problems: 
(a) the rate of formation of the fragments and the factors affect- 
ing this process, (6) the nature and stability of the fragments 
that are formed, and (c) the specificity of the cleavage and its 
locus. These problems have both general and practical signifi- 
cance. Any method permitting the production of reproducible 
stable fragments has obvious importance for the elucidation of 
protein structure. However, even if papain cleavage were lim- 
ited to y-globulins, the reaction deserves further investigation 
because the use of this approach to study the structure of anti- 
bodies will be brought into question unless the fragments are 
stable. 

In regard to the first question, ultracentrifugal analysis of the 
papain cleavage products revealed that the initial cleavage of 
human y-globulin occurs very rapidly, indeed, far more rapidly 
than one would expect from the incubation periods employed 
by Porter (10, 11) and subsequent workers (23). From the 
ultracentrifugal data, it was estimated that the initial rate of 
cleavage of y-globulin was about as rapid as that for the most 
sensitive synthetic substrates for papain.’ From these results, 
it is evident that prolonged incubation of y-globulin antibodies 
with papain may be unwarranted as well as unnecessary, par- 
ticularly for rabbit y-globulin and for the pathological human 
proteins. 

The limited nature of the cleavage reaction was surprising. 
Except for the single instance of porcine y-globulin, no com- 
ponents intermediate between the 6.6 S protein and the 3.5 S 
fragments were detected. This was the case even when the re- 
action was stopped after 2 minutes of action of the activated 
enzyme or when unactivated mercuripapain was used for a long 
incubation period. Yet 5S components were reported in earlier 
work with crude enzymes (4-6), and in a preliminary communi- 
cation, Nisonoff et al. (29) have given evidence for a 5 S com- 
ponent when ‘y-globulin is exposed to the action of pepsin in the 
absence of reducing agents. At the other end of the size spec- 
trum, ultracentrifugally resolvable components below 3.5 S were 
not observed, although a mixture of peptides was suggested by 
the fractionation with Sephadex and by the slowly sedimenting 
boundary at the meniscus of undialyzed preparations treated 
with crystalline papain. The absence of intermediate compo- 
nents and of a single characteristic cleavage peptide analogous 
to fibrinopeptide was also indicated by column chromatography 
and starch gel electrophoresis. It appears from these facts and 
from the ultracentrifugal homogeneity of the 3.5 S peak that the 
transition from 6.6 S globulin to 3.5 S fragments was both rapid 
and direct. 

The factors affecting the cleavage reaction include the purity 
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of the enzyme and the presence of activators or inhibitors. 
Crude papain used in earlier work (6, 7, 9) obviously must have 
given a mixture of fragments and many peptides. Crystalline 
papain is very effective in producing 3.5 S fragments but, pre- 
sumably because of other protease impurities, also produces 
many random peptides. Mercuripapain is more specific, but 
the unactivated enzyme, though surprisingly effective, requires 
a long incubation period. The efficacy of unactivated mercuri- 
papain probably depends on the liberation of sulfhydry] (or thiol 
ester) groups, either regenerated by dissociation of the mercury 
or by some kind of an exchange reaction. In this connection, 
it should be pointed out that concentrations of papain much 
lower than the 1:100 ratio used in this work are undoubtedly 
quite effective. 

The nature of the fragments formed from human y-globulin 
has so far not been identified in terms of biological activity, ex- 
cept that agar gel diffusion studies with anti-human y-globulin 
rabbit serum showed that both Fractions A and B gave a pre- 
cipitation line. However, the sample of Fraction A contained 
some 6.6 8 protein. By analogy to rabbit y-globulin and from 
the se value of 3.5 S, it may be assumed that three fragments 
of an approximate molecular weight of 50,000 are formed in the 
papain cleavage of human y-globulin. Only two fractions have 
thus far been resolved chromatographically and electrophoreti- 
cally, 2.e. Fractions A and B. Fraction B appears to be formed 
from a precursor (not Fraction A) which is present in an early 
mixture of 3.5 S components that also contains Fraction A. In 
a number of instances in which Fractions A and B were separated 
by chromatography of the undialyzed digest, the ratio of A to B 
was almost exactly 2.0.% This suggests that Fraction A may 
contain two similar (or identical) components analogous to Frac- 
tions I and II of rabbit y-globulin, which contain the combining 
sites of the antibody. Correspondingly, Fraction B might be 
analogous to Fraction III, which has the chief antigenic deter- 
minants of the rabbit y-globulin molecule. Unhappily for this 
argument, the sequence of chromatographic elution of I and II 
relative to III at pH 5.5 is the opposite of that of A versus B for 
human y-globulin at pH 6.0. Moreover, in starch gel electro- 
phoresis at pH 5.5, the sequence of mobilities of Fractions A 
and B of human y-globulin is also the reverse of that expected 
if Fraction A were analogous to Fractions I and II of rabbit y- 
globulin; 7.e. although Fraction A moves somewhat more rapidly 
to the cathode than does the undigested human protein, and 
Fraction B more slowly, Fractions I and II move more slowly to 


12 Kimmel and Smith (22) state that mercuripapain is inactive 
and that Versene (EDTA) alone produces no activation of papain 
for synthetic substrates. However, they found that at pH 4, 
mercuripapain dissociates to give a component devoid of mercury 
and a component with the structure HS—Papain—SHg*. Other 
complexes of mercury and papain are possible, including hexamers 


of mercuripapain and a complex with an equimolar ratio of mer- 


cury and papain. It seems unlikely that mercuripapain could be 
activated by a sulfhydryl exchange reaction with y-globulin, for 
the latter protein does not contain any free sulfhydryl groups in 
the native state. Karush, F., personal communication. 

13 Tn all cases in which the ratio of Fraction A to Fraction B was 
found to be about 2.0, the separation of Fraction B was achieved 
by chromatography of the undialyzed digest in the presence of 
CMB-papain. In these cases, the peptides were separated from 
Fraction B either by later dialysis or by initial elution at a lower 
pH. However, when the whole digest with added CMB was dia- 
lyzed at length before stepwise elution of Fractions A and B, the 
proportion of Fraction B was decreased. 
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the cathode than does the undigested rabbit y-globulin, and III 
moves more rapidly.'4 The order of chromatographic elution 
and of electrophoretic mobility, of course, depends on the net 
charge of the fragments, and there is no reason that functionally 
analogous fragments from rabbit and human y-globulins should 
have the same charge. 

Alternatively, it might be thought that since human y-globu- 
lin is heterogeneous, many sets of 3.5 S components might be 
formed, each characteristic for a particular 6.6 5 component. 
This suggestion fits with the broad zone for Fractions A and B 
on gel electrophoresis, but there are two arguments against it. 
In the first place, Fraction B is derived from already formed 3.5 
S components rather than from residual, resistant 6.6 S mole- 
cules. Secondly, in a separate study™ it has been found that 
Fractions A and B were both formed (though not in the same 
ratios) when five subfractions of the immune y-globulin from a 
single individual were incubated with papain. The subfractions 
had been prepared by electrophoresis-convection, and the anti- 
body titer was sharply localized in several of the fractions. Also, 
if the N-terminal determinations merit significance, the cleavage 
points would appear to be similar in most of the globulin com- 
ponents of the pooled normal protein (and also in the pathological 
macroglobulin). 

The stability of the 3.5 S fragments was put in question by 
our early results with rabbit y-globulin, by the sequential ap- 
pearance of Fractions A and B, and by the known broad spec- 
ificity of papain. However, analysis of Fraction A_ purified 
from digests incubated for 16, 25, and 48 hours indicated that 
the amino acid composition was the same within experimental 
error. The chromatographic and electrophoretic properties of 
Fraction A likewise appeared to remain unchanged with time. 
N-Terminal group determinations corroborated the ultracen- 
trifugal and chromatographic evidence that the 3.5 S material 
of Peak A obtained from short incubations does contain a com- 
ponent which changes on prolonged incubation. This compo- 
nent is presumed to be the 3.58 precursor of Fraction B. With 
this reservation, Fraction A appeared to be remarkably resistant 
to further action by papain. The constancy with time of the 
amino acid composition of Fraction A indicated that the 3.5 8 
material was not progressively degraded by endwise loss of pep- 
tides to yield a series of related but increasingly smaller units. 
Rather it appeared that Fraction A was highly resistant to fur- 
ther action by papain, but if attacked, was degraded completely 
to dialyzable peptides. This conclusion accords with N-terminal 
group determinations and with the constancy of the physical 
properties of Fraction A. 

Less evidence was obtained for the stability of Fraction B. 
The chromatographically separated material was more suscep- 
tible to further action by papain than was Fraction A. The 
ultracentrifugal boundary exhibited greater spreading than that 
for Fraction A, but the starch electrophoretic zone of B was 
sharper. Amino end group determinations on the dialyzed di- 
gests suggested that a series of related B fractions was not being 
formed. Although amino acid analysis of Fraction B obtained 
at two different times suggested that its composition varied, 
inadequate data were obtained to support this conclusion. 


The specificity of the cleavage of human y-globulin into 3.5 S$ 


components by papain seems established by (a) the discrete na- 
ture and relative stability of Fractions A and B, (6) the nearly 


4 Tan, M. and Putnam, F. W., unpublished experiments. 
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stoichiometric appearance of new amino end groups, and (c) the 
similar cleavage of the y-globulins of other species in contrast to 
the failure of other native proteins such as crystalline egg albumin 
and human serum albumin to undergo any change in ultracen- 
trifugal properties after 4 hours of incubation with activated mer- 
curipapain. However, the locus of cleavage remains to be clari- 
fied. Semiquantitative determinations on the dialyzed papain 
digest indicate the presence of three major types of amino end 
groups. Of these, aspartic and glutamic acids are present in the 
original protein in the ratio of about 1:2, and were also found in 
the same ratio at several stages of incubation. Presumably, 
these amino acids represent the end groups of the original poly- 
peptide chains, rather than cleavage points. However, the new 
end groups liberated, threonine in the 10-minute incubation and 
leucine (or isoleucine) on prolonged incubation, must represent a 
cleavage point containing a sensitive peptide bond. The new 
polypeptide chain was probably part of one of the original N- 
aspartyl or N-glutamy] chains. It may have been located in 4 
region of the molecule where disulfide (or thiol ester) bonds sta- 
bilizing the configuration were buried. On papain cleavage of 
the peptide bond, the sulfur-containing bond perhaps became ac- 
cessible to disruption by the cysteine present as an enzyme acti- 
vator.!® 

The specific bond broken in cleavage to 3.5 S units may be 
either peptide or thiol ester in nature. Although papain has 


broader specificity than trypsin, its greatest activity also is on © 
substrates which have strongly cationic groups in the side chain, | 


such as benzoyl-L-argininamide. Indeed the latter, although the 
most sensitive substrate known for the proteolytic action of both 
papain and trypsin, is more rapidly hydrolyzed by papain (22, 
32-34). The sensitive peptide bond in human y-globulin thus 
may involve the carbonyl group of arginine or lysine and the 
amino group of threonine or one of the leucines. Although L 
arginy]-L-leucine is not hydrolyzed by papain, the carbobenzoyy- 
nitro derivative is somewhat sensitive (35), yet it seems doubtful 
that the leucine amino end group liberated on prolonged incuba- 
tion comes from such a peptide bond. Papain is also active on 
synthetic substrates in which glutamic acid, glutamine, or leu- 
cine provide either the carboxyl or the amino group of the pep- 
tide bond. Of the five bonds readily split by papain in the A 
chain of insulin, three involve combinations of two of the above 
amino acids (36). Although a bond such as Glu.Leu would 
appear susceptible, this is only slowly cleaved in insulin by pepsin 
(37), which also forms 3.5 S fragments of rabbit y-globulin anti- 
body in the presence of reducing agents (29). It must not be 
overlooked that papain has esterase activity (14) and also that at 


18 This explanation is analogous to that offered by Nisonoff 
(29) in a preliminary report on the cleavage of rabbit y-globulin 
by pepsin and papain. Pepsin produced a 5 8 unit, but yielded 
3.5 S fragments only in the presence of cysteine or B-mercapto- 
ethylamine. In our hypothesis there is a discrepancy in that four 
end groups are found (one aspartyl, two glutamyls, and one 


threonyl or leucyl), whereas only three 3.5 S units are postulated. } 
This may be attributed to analytical error or to the heterogeneity [| 


of pooled y-globulin. Alternatively, it may be explained by the 
assumption that one 3.5 S unit has two N-terminal groups (1. 
two glutamyls, or one aspartyl and one glutamyl) because of two 
chains joined by disulfide groups unavailable for reduction by 
cysteine. Note that rabbit antibody (like human y-globulin) has 
about 20 disulfide bonds. Of these, only four are broken by 0.1 
M 6-mercaptoethylamine alone at pH 7.4 and only 10, if the redue- 
tion is carried out in the presence of 0.1 mM sodium decylsulfate 4s 
a denaturing agent (30, 31). 
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pH 5 (but not at pH 7.5) papain is able to cleave thiol esters in 
the absence of the usual activators and EDTA (38). Thiol esters 
have been postulated as existing at the active sites of enzymes 
such as papain and as covalent bonds involved in maintaining 
the three-dimensional structure of proteins (39). Such a bond 
would have the feature of uniqueness necessary to explain the 
specific cleavage. 

Whatever the locus of cleavage, there is no necessary relation- 
ship between its nature and the function and structure of y-glob- 
ulins or antibodies. Immunologically active fragments of these 
proteins have been obtained by digestion with pepsin (1-3), or 
trypsin (4, 5), as well as papain (which, to be sure, has some of 
the specificity of each of the other proteases). Yet thus far, 
proteolytic cleavage to yield reproducible protein subunits analo- 
gous to those formed from ‘y-globulins is a rare phenomenon. 
To be sure, trypsin (40) and the PR enzyme (41) produce half 
molecules from muscle phosphorylase (CMB produces quarter 
molecules (42)), and zymogen activation by proteases is well 
known to involve the cleavage of specific peptide bonds. Fur- 
ther study of the locus (or loci) of cleavage now under way in 
our laboratory may add to knowledge of the structure of y-glob- 
ulins. It will be of interest to ascertain whether the sites of 
cleavage are the same for normal and pathological human globu- 
lins and for the globulins of animal species. 


SUMMARY 


Papain cleaves normal and pathological human y-globulins 
into several chromatographically and electrophoretically sepa- 
rable 3.5 S fragments without the detectable formation of inter- 
mediates. The ‘y-globulins of various animal species are 
similarly cleaved, though at different rates. With the use of 
para-chloromercuribenzoate as an inhibitor, the rate of cleavage 
of normal pooled human y-globulin and the products formed have 
been studied by chromatography, ultracentrifugation, starch gel 
electrophoresis, and analysis for amino acid composition and N- 
terminal groups. With activated mercuripapain, the initial re- 
action is rapid, yielding 80% 3.5 S fragments in 10 minutes plus a 
resistant 6.6 S fraction and dialyzable peptides. Unactivated 
mercuripapain produces slow cleavage but fewer peptides. 

Two chromatographic components are formed (Fractions A 
and B). Fraction A predominates initially, and Fraction B ap- 
pears progressively until their ratio approaches 2.0 in some ex- 
periments. Fraction A, isolated chromatographically after long 
incubation periods, is resistant to further enzyme action and is 
not converted to Fraction B. The amino acid composition of 
Fraction A is constant with time and resembles that of the intact 
y-globulin. During the cleavage, neither free amino acids nor a 
specific polypeptide is liberated; rather, a mixture of peptides 
results from random degradation of the 3.5 S fragments or the 
resistant 6.6 S protein. However, a new N-terminal amino acid, 
threonine, is liberated at early stages of incubation and is later 
replaced by leucine (or isoleucine). The specificity of the cleav- 
age reaction is discussed and likewise its significance with regard 
to the structure of y-globulins. 
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Previous studies (1-4) have described three catalytic activities 
of 3-phosphoglyceraldehyde dehydrogenase, with the use of 
acetaldehyde and acetyl phosphate as analogues of the natural 
three-carbon substrates. It has been shown that the crystalline 
enzyme from rabbit muscle catalyzes (a) the reversible oxidation 
of acetaldehyde to acetyl phosphate, (b) the transfer of the acetyl] 
group of acetyl phosphate to inorganic phosphate, arsenate, co- 
enzyme A, and other sulfhydryl acceptors, and (c) the hydrolysis 
of acetyl phosphate to acetate and inorganic phosphate. The 
fact that this hydrolysis proceeds by a C—O split rather than 
the P—O split seen with other phosphatases (5) suggested a pos- 
sible relationship between the glyceraldehyde dehydrogenase and 
proteolytic enzymes such as chymotrypsin which show esterolytic 
activity. We therefore undertook a study of the hydrolysis of 
p-nitrophenyl acetate, a substrate well studied with proteolytic 
enzymes (6) and, as briefly reported (7), a suitable substrate for 
glyceraldehyde dehydrogenase. 

A careful appraisal of the nature of the reaction with the-3- 
phosphoglyceraldehyde dehydrogenase was made to relate the 
- hydrolysis of p-nitrophenyl acetate to a catalytic site on the 
dehydrogenase, since an accelerated hydrolysis of p-nitrophenyl] 
acetate has been demonstrated in the presence of several protein 
and nonprotein substances (8). The enzymatic nature of the 
hydrolysis by the dehydrogenase is supported by several types 
of findings: (a) inactivation by heating, (6) comparison of the rate 
with that obtained with other proteins, (c) the inhibition of the 
activity by diphosphopyridine nucleotide, 3-phosphoglyceralde- 
hyde, glyceraldehyde, phosphate, and arsenate, which are all 
reactants in the classical dehydrogenase reaction, and (d) forma- 
tion and isolation of an acetyl enzyme complex. Other charac- 
teristics of the catalysis are described in the text. 

The two hydrolyses catalyzed by the dehydrogenase, estero- 
lysis of p-nitrophenyl acetate and hydrolysis of the acyl phos- 
phates, have some strikingly different properties. By changing 
the experimental conditions, the dehydrogenase can readily be 
converted into an esterase or a phosphatase. 


EXPERIMENTAL PROCEDURE 


3-Phosphoglyceraldehyde dehydrogenase was prepared from 
rabbit muscle according to the procedure of Cori, Slein, and Cori 
(9). The enzyme was crystallized in the presence of 0.001 m 
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cysteine, 0.001 m Versene, or 0.001 M cyanide, in order to protect 
the sulfhydryl groups. The crystals made with Versene were the 
most commonly used, since they had the highest activity. For 
assay of the enzyme activity with p-nitrophenyl] acetate as sub- 
strate, it was necessary to remove the protein-bound DPN with 
charcoal (10). The DPN-free enzyme was then dialyzed for 4 
hours against Tris-Versene buffer to eliminate the ammonium 
sulfate which causes appreciable hydrolysis of the substrate. 
The other enzymes used were four times recrystallized aldolase 
(11) and seven times recrystallized a-chymotrypsin (12). 
Bovine serum albumin powder (Fraction V) was obtained from 
Armour Company. 

p-Nitropheny! acetate was prepared by the esterification of 
p-nitrophenol with acetic anhydride in pyridine (13). Acetyl 
phosphate was prepared according to the procedure of Stadtman 
and Lipmann (14). DPN and TPN were obtained from the 
Sigma Chemical Company and Pabst Laboratories. p1-Glye- 
eraldehyde and 3-phosphoglyceraldehyde as the pi-glyceralde- 
hyde-1-bromide-3-phosphoric acid, dioxane complex were pur- 
chased from the California Corporation for Biochemical Re- 
search, and glucose 6-phosphate from the Sigma Chemical 
Company. 

The hydrolysis of p-nitrophenyl acetate was followed spectro- 
photometrically be measuring the increase in absorption at 400 
muy caused by the liberation of p-nitrophenol. Corrections were 
made for the spontaneous hydrolysis of p-nitropheny] acetate. 
Acetyl enzyme formation was measured by the hydroxamic acid 
method of Lipmann and Tuttle (15). 


RESULTS 


Properties of Esterase Reaction—The hydrolysis of p-nitro- 
phenyl! acetate by glyceraldehyde dehydrogenase as a function 
of substrate concentration conforms to Michaelis-Menten ki- 
netics. The initial velocity of the hydrolysis, V, was deter- 
mined at 10 substrate concentrations, (S), over the range 1.83 X 
10-3 m to3.1 X 10-5 m. Theruns were made at pH 8 and at 26°. 
A plot of these data according to the equation (16), 


1 Km 1 1 

led to the calculation of a value for K,, of 7.0 + 0.3 X 10°°M. 
This catalytic activity was destroyed by heating the enzyme 
solution to 100° for 10 minutes. As shown in Table I, the re- 


action rate was increased by raising the pH from 6.5 to 8.0. A 
similar effect of pH on the dehydrogenase reaction was noted 
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earlier (9). At pH 8.0, the nonenzymatic breakdown of p-nitro- 
phenyl acetate is about 5 to 10% of the rate of the enzymatic 
hydrolysis. It is inconvenient to measure the enzymatic rate at 
a pH greater than 8.0 because of the increased spontaneous break- 
down of the substrate; therefore, a pH optimum was not ob- 
tained. 

Comparative rate studies have been made with the dehydro- 
genase, chymotrypsin, aldolase, and bovine serum albumin 
(Table II). Chymotrypsin, which is considered to have a sub- 
stantial esterase activity, is only half as active as the dehydro- 
genase on a milligram basis and one-fifth as active on a molar 
basis. These values are in agreement with a turnover number 
of 0.92 mole per minute per mole of chymotrypsin calculated by 
Hartley and Kilby (17) and 5 moles per minute per mole of dehy- 
drogenase. Aldolase crystallized from rabbit muscle and bovine 
serum albumin promotes a relatively slow rate of hydrolysis. 

Inhibition of Esterase Activity by DPN—DPN inhibits the 
hydrolysis of p-nitrophenyl acetate catalyzed by the glyceralde- 
hyde-3-phosphate dehydrogenase. This is demonstrated by 
adding DPN to the DPN-free enzyme and observing the re- 
duction in the rate of p-nitrophenyl acetate hydrolysis. In 
Fig. 1 it can be seen that a ratio of 1 mole of enzyme to 1.3 moles 
of DPN inhibits the rate by 25%, 1:2.6 by 45%, 1:4 by 58%, 
and 1:8 by about 78%. TPN at a concentration of 7 moles of 
TPN per mole of enzyme shows only a 10% inhibition. 

Addition of DPN can also inhibit an enzyme from which the 
DPN has been partially removed with charcoal (280 to 260 ratio, 
1.4). A dialyzed enzyme, which has lost only a small fraction of 
DPN (280 to 260 ratio, 1.2), has 25% of the activity of the 
charcoal-treated preparation, but it can be further inhibited by 
addition of DPN. DPN does not affect the chymotrypsin-, 
aldolase-, or albumin-catalyzed hydrolysis under comparable 
conditions. 

The observation that enzyme-bound DPN is required for the 
acetyl phosphatase activity of the glyceraldehyde dehydrogenase 
(4, 5), indicates a major difference in the mechanism of the two 
hydrolytic reactions. 

Substrate Inhibition—In order to determine whether the hy- 
drolysis of p-nitropheny! acetate occurs at the same site as the 
usual oxidative reaction, the substrates 3-phosphoglyceraldehyde 


TABLE I 


Effect of pH on hydrolysis of p-nitrophenyl acetate catalyzed by 


8-phosphoglyceraldehyde dehydrogenase 

In the reaction mixture there was 0.0042 umole of enzyme which 
was recrystallized three times in the presence of 0.001 m Versene, 
treated with charcoal to remove DPN (280 to 260 ratio, 1.9), and 
dialyzed for four hours against several changes of 0.005 m Tris- 
0.001 m Versene buffer, pH 7.0. The cuvettes contained 1.9 umoles 
of p-nitrophenyl acetate and 40 umoles of Veronal buffer at the 
pH values indicated. The total volume was 3 ml. The read- 
ings were taken at 400 my, and the corrections were made for the 
extinction coefficient of p-nitrophenol at each pH and the nonen- 
zymatic hydrolysis of p-nitrophenyl acetate. The rates of hy- 
drolysis were linear during the period of measurement. 


pH p-Nitrophenol released Activity 
pmoles/15 min/0.02 pmole % 
enzyme 
8.0 0.950 100 
7.0 0.133 14 
6.5 0.061 6 
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TaBLeE II 
Comparison of initial rate of hydrolysis of p-nitrophenyl 
acetate catalyzed by different proteins 
The various proteins were compared at pH 8.0 in Veronal buffer, 
40 umoles, with the use of 0.38 umole of p-nitrophenyl! acetate in 
a total volume of 3 ml. 


Nitro- 
Protein Protein Protein enyl ace-| Activity 
tate split 
mg pmoles 10 
3-Phosphoglyceraldehyde 
dehydrogenase............ 0.82 0.006 0.097 100 
Chymotrypsin.............. 0.4 0.020 0.054 20 
Bovine albumin............. 5.0 0.077 0.032 1 
.500 
CONTROL 
OPN FREE 
ENZYME 
.400 
RATIO 
ENZYME:OPN 
1: 1.3 
= 
1:2.6 
2 
3 
3 -200 
1: 6.0 
2 4 6 8 


TIME IN MINUTES 


Fic. 1. The effect of DPN on the hydrolysis of p-nitrophenyl 
acetate catalyzed by 3-phosphoglyceraldehyde dehydrogenase. 
The reaction was carried out in 0.012 m sodium Veronal buffer pH 
8.0. Enzyme-bound DPN was first removed completely by char- 
coal treatment, (280 to 260 ratio, 1.9). The DPN was added to 
0.006 umole of enzyme in amounts which gave the enzyme: DPN 
ratios shown in the figure. After preincubation for 20 minutes, 
the reaction was started by the addition of 0.38 umole of p-nitro- 
phenyl acetate. 


and glyceraldehyde were tested as inhibitors. Fig. 2 shows that 
both substrates inhibit p-nitrophenyl acetate hydrolysis, and 
that 3-phosphoglyceraldehyde is about 50 times more effective 
than glyceraldehyde. This is in agreement with the higher 
affinity of the phosphorylated compound for the enzyme (9). 
Acetyl phosphate at a concentration of 0.05 m produces an 80% 
inhibition. | 

These inhibitions of the dehydrogenase appear to be specific, 
since glucose and glucose 6-phosphate are without effect. More- 
over, neither of the triose inhibitors has any effect on the hy- 


— 
ect 
the 
Hor 
ub- 
ith 
r4 
um 
te, | 
2). 
om 
| 
of | 
tyl | 
an 
he 
de- | 
ur- 
cal 
pre! 
te. 
id | 
O- 
on 
ki- 
x 
| 
M. 


Hydrolysis of p-Nitrophenyl Acetate Vol. 236, No. 1 Jar 


centrations accelerates somewhat the spontaneous hydrolysis of 
p-nitrophenyl acetate. This correction has been applied to 
400 * CONTROL Table III. Phosphate has no effect on the rate of hydrolysis of 
: p-nitropheny] acetate by chymotrypsin, albumin, or aldolase, 

Sulfhydryl Blocking Agents—The esterase activity of the dehy. 
drogenase is almost completely inhibited by sulfhydryl] blocking 
reagents such as iodoacetic acid, iodoacetamide, p-chloromercurj- 
benzene sulfonate, and silver (Table IV). The control rates jn 
ames Table IV are slow because of the enzyme-bound DPN. The 
DPN was not removed in order that the results could be com. 


OPTICAL DENSITY 


; 
ee pared with the data on the hydrolysis of acetyl phosphate. In 
200 - contrast to these present findings, the phosphatase activity ig 
not inhibited by iodoacetic acid in concentrations as high ag 
os Rosse 0.01 m. The seemingly contradictory inhibition of the phos. 
phatase reaction with p-chloromercuribenzene sulfonate (5) has 
.0004 M been clarified by the finding that this inhibitor releases the en- 
ack zyme-bound DPN (18), whereas iodoacetic acid does not (5). 
We have also found that the charcoal-treated DPN-free ep- 
zyme, which hydrolyzes p-nitropheny] acetate at the maximal 
001M rate, is inhibited by iodoacetie acid. 
Variation in Enzyme Preparations—It is difficult to study the 
2 ‘ 6 ® 10 effect of sulfhydryl compounds such as cysteine or glutathione on ! gly 
TIME IN MINUTES the esterase activity because these compounds at concentrations um 


Fig. 2. The inhibition of p-nitrophenyl acetate hydrolysis by of 0.001 m catalyze a rapid breakdown of p-nitropheny] acetate for 


3-phosphoglyceraldehyde and glyceraldehyde. The concentra- (g). It has been possible to show, however, that an enzyme pH 
tions of buffer, enzyme, and p-nitrophenylacetate were the same which is recrystallized in the presence of cysteine loses a con- the 
as in Fig. 1. The enzyme was not preincubated with pL-3-phos- 3 spec 
phoglyceraldehyde or pi-glyceraldehyde. Since only the p form Siderable amount of esterase activity over a 2-month period. 
is enzymatically active, the concentrations are the molarities of | Such an enzyme can be partially reactivated by incubation with | cyst 
the active isomer. The solid lines represent the curves for 3-phos- cysteine or glutathione. In the course of such experiments, an reat 
phoglyceraldehyde, and the broken line represents glyceraldehyde. enzyme was crystallized in the absence of cysteine, Versene, or | I 
cyanide. This enzyme had no esterase activity, but this hy- —eya 
~Tasce IT drolytic property could be regenerated in part by cysteine. This | “ie 
Effect of phosphate and arsenate on 3-phosphoglyceraldehyde — sulfhydryl requirement is just the opposite of that of the phos- | the 
dehydrogenase-catalyzed hydrolysis of p-nitrophenyl acetate phatase reaction, which is actually inhibited by glutathione and | eyst 
The reaction conditions were the same as described in Figs. 2 | 
and 3. The arsenate and phosphate were added to the enzyme, 
and then the reaction was started by the addition of p-nitrophenyl TaBie IV Bee 
acetate. Effect of sulfhydryl blocking agents on hydrolysis of swith 
p-nitrophenyl acetate catalyzed by 3-phospho- asa 
Additions | glyceraldehyde dehydrogenase Be 
The reaction mixture, total volume 3 ml, contained 30 umoles acet 
| pmole/10 min % of Tris buffer pH 7.9, 0.38 umole of p-nitrophenyl acetate, and chio 
Phosphate None 0.097 0.03 umole of glyceraldehyde dehydrogenase crystallized in the on ° 
0.005 m 0.053 46 presence of 0.001 m Versene and dialyzed for 14 hours before the inhi 
0.01 u 0.042 56 assay. In the experiment with silver as the inhibitor, the en- deh 
0.05 m 0.030 69 zyme (.009 umole) was recrystallized in the presence of cyanide — higt 
0.10 u 0.020 78 and dialyzed for 11 hours. 14 
Arsenate None 0.097 Inhibitor | Molarity Inhibition 
0.005 0.065 33 | 
0.01 0.054 45 umole/10 min) 
0.05 0.029 70 None 0.18 
0.10 0.023 76 Todoacetic acid 1X 10-4 0.02 9 
1X 10-5 0.13 31 the. 
Iodoacetamide 1 xX 10-4 0.01 94 the 
drolysis of p-nitrophenyl! acetate by chymotrypsin, aldolase, or chat 
albumin. None 0.22 t F 
Effects of Phosphate and Arsenate—Phosphate and arsenate are p-Chloromercuribenzene 1 X 10-4 0.02 9 + gen; 
equally effective as inhibitors of the enzymatic hydrolysis of p- sulfonate ‘pow 
nitropheny] acetate (Table III). This inhibition is independent | dros 
of the quantity of enzyme-bound DPN. In the case of arsenate, None pin con 
Silver 1 X 0.004 
it is particularly interesting that an arsenolytic decomposition of 5 xX 10-8 0.027 61 oo 
p-nitrophenyl acetate does not occur. Arsenate in high con- ; a 4 i 
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2 4 6 8 lo 
TIME IN MINUTES 

Fic. 3. DFP inhibition of the esterase activity of 3-phospho- 
glyceraldehyde dehydrogenase. DPN-free dehydrogenase (0.0063 
umole) was incubated with the indicated concentrations of DFP 
for 10 minutes at room temperature in 40 umoles of Veronal buffer 
pH8.0. Then 0.48 umole of p-nitrophenyl acetate was added, and 
the hydrolysis of the substrate followed at 400 my in the Beckman 
spectrophotometer. Final volume was 3.0 ml. 


cysteine (4, 5), but is quite similar to that of the dehydrogenation 
reaction (9). 

It was also noted that an enzyme recrystallized in 0.001 m 
cyanide, which protects the sulfhydryl groups, is active as an 
esterase but totally inactive as a phosphatase (4,5). Moreover, 
the addition of 0.001 m cyanide to an enzyme prepared with 
cysteine or Versene does not affect the esterase activity but 
completely blocks the phosphatase activity (4, 5). Thus an 
enzyme which is suitable for esterase and dehydrogenase activity 
with its sulfhydryl groups fully reduced is not maximally active 
as a phosphatase. 

Studies with DFP'—Since the hydrolysis of p-nitrophenyl 
acetate catalyzed by chymotrypsin has been shown to be stoi- 
chiometrically inhibited by DFP (19), the effect of this reagent 
on the dehydrogenase was studied. As shown in Fig. 3, the 
inhibition by DFP of the esterase activity of the glyceraldehyde 
dehydrogenase can be demonstrated, but only with relatively 
high concentrations of DFP. Thus DFP at concentrations of 
1.4 X 11-4m and 5.6 X& 11-4 causes a 79% and 94% inhibition, 
respectively. Assuming that there are three active sites on the 
enzyme, about 90 molecules of DFP per site are necessary for 
complete inhibiton, and about 20 molecules of DFP per site cause 
a 79% inhibition. Inhibition is not increased by preincubation 
of the enzyme with DFP for periods up to 1 hour. Moreover, 
the concentration of DFP required for inhibition is approximately 
the same whether or not the enzyme has been treated with 
charcoal. 

For comparative purposes, DFP was tested on the dehydro- 
genase and phosphatase activites of the enzyme. The com- 
pound at high concentrations causes an inhibition of the dehy- 
drogenase reaction which increases with time (Table V). The 
concentrations of DFP in Table V are about the same as those 


1 The abbreviations used are: DFP, diisopropylfluorophosphate; 
IAA, iodoacetic acid. 
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required for the inhibition of phosphoglucomutase (20). As yet, 
no DFP inhibition of the acetyl phosphatase reaction has been 
observed under numerous assay conditions (5) with pH values 
ranging from pH 6.0 to 8.9 in succinate, Veronal, and bicarbonate 
buffers, and with incubation times up to 1 hour. 

Formation of Acetyl Enzyme Complex—The formation of an 
acetyl enzyme complex with p-nitrophenyl acetate has been 
measured in three ways. (a) The first was the spectrophoto- 
metric procedure of Hartley and Kilby (17), who measured the 
initial burst of p-nitrophenol liberation when p-nitropheny! 
acetate was added to a large amount of chymotrypsin. The 
burst represents the formation of the acyl enzyme and is followed 
by a slow, continuing p-nitrophenol release caused by the break- 
down and reformation of the acetyl enzyme. (b) The second 
method involved the precipitation of the acyl-enzyme complex 
with acid, and the determination of the acyl residues by the 
hydroxamic acid reaction (15). (c) The third procedure involved 
the formation of a C"4-acetyl enzyme complex and measurement 
of the radioactivity in the isolated complex. The data obtained 
by these three methods are in agreeement and are presented be- 
low. 

For the spectrophotometric measurement of the acyl enzyme 
complex by the initial burst (Fig. 4), it was critical that the pH 
be close to 7.0. Below pH 6.8 there was practically no acy] en- 
zyme formation. Above pH 7.3 or at temperatures greater than 
5°, the breakdown of the acyl enzyme complex was so rapid that 
there was not sufficient leveling of the curve for accurate extrap- 
olation to zero time. With a known amount of enzyme, it can 
be calculated by extrapolation of the curves in Fig. 4 that 3.1 
moles of acetyl groups are bound per mole of enzyme. Values 
of 3.0 to 3.5 were obtained in a number of other experiments. 
This ratio was maintained when the protein concentration was 
doubled, as seen in the figure, and also when the p-nitrophenol 


TABLE V 
Effect of DFP on oxidation of 3-phosphoglyceraldehyde 


3-Phosphoglyceraldehyde dehydrogenase was recrystallized 
three times in the presence of 0.001 m Na-Versenate, and dialyzed 
for 4 hours against 0.005 m Na-Veronal-0.001 m Versenate pH 8.0. 
The dialyzed enzyme was then diluted 1:50 in 0.04 m Veronal-0.003 
M cysteine. Aliquots (1 ml) containing 0.5 mg of enzyme were 
incubated for varying periods with the concentrations of DFP 
indicated below. Suitable samples were withdrawn for assay and 
added to the reaction mixture containing 80 ymoles of Na-Veronal 
buffer pH 8.0, 6 umoles of cysteine, 34 uymoles of Na-arsenate, and 
0.6 umole of DPN. 

The reaction mixture was incubated for 7 minutes before the 
addition of 3-phosphoglyceraldehyde. The rate of oxidation was 
measured spectrophotometrically by the increase in absorption 
at 340 mu over a 5-minute period. The percentage of activity is 
calculated on the basis of an assay in which the enzyme was in- 
cubated for 15 minutes in the absence of DFP. 


Activity remaining after DFP treatment at time of 
DFP concentration in incuba- incubation of enzyme with inhibitor 
tion mixture 
15 min 102 min 177 min 
moles/liter % % %, 

None 100 112 
5.6 X 10-4 $1 53 48 
1.4 X 10-3 67 43 42 
2.8 X 107% 46 34 28 
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acetate concentration was doubled or reduced by one-half (not 
shown). Aldolase, albumin, cysteine, and glutathione (8) do not 
give such a burst. The formation of the acyl enzyme was in- 
hibited by DPN, 3-phosphoglyceraldehyde, and JAA. 

By the hydroxamic acid method, the ratio of enzyme to acetyl 
groups was found to be 1:3.1 (Table VI). IAA and DPN com- 


OPTICAL 
DENSITY 
MOLES 
p-NO2 
RELEASED sMOLES .600 
ENZYME 
174- 
028u 
087 ENZYME 
d -200 
a 100 
DPN 
3-PGALD 
IAA 
4 8 12 6 20 
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Fic. 4. Spectrophotometric measurement of the formation of 
an acetyl enzyme complex. The reaction mixture contained 300 
umoles of Tris buffer pH 7.0 and the charcoal-treated, dialyzed 
3-phosphoglyceraldehyde dehydrogenase, 0.059 umole (@——@) 
or 0.0628 umole (A——A). The three lower curves contained, in 


addition, 10 wmoles of DPN, 0.6 umole of 3-phosphoglyceralde- 


hyde, or 10 umoles of IAA as labeled on the graph. The reaction 
was started with 1.2 umoles of p-nitrophenyl acetate. The release 
of p-nitrophenol was followed at 400 my in the Beckman spectro- 
photometer. The flat part of the curve representing the turnover 
of acetyl enzyme complex is extrapolated to zero time, and the 
number of umoles of bound acyl groups is calculated from the in- 
tercept reading. Total volume, 3.0 ml. Temperature, 4°. 


TABLE VI 


Isolation of an acetyl enzyme and quantitative 
determination of acyl groups 

The proteins were incubated with 6.5 wmoles of p-nitrophenyl 
acetate in 300 wmoles of Tris buffer pH 7.0 for 10 minutes at 0° 
in a volume of 2ml. Next, 10 umoles of DPN and 20 umoles of 
IAA were added to the experiments where indicated. Cold 4% 
trichloroacetic acid (4 ml) was added, and after 10 minutes the 
precipitate was centrifuged and washed twice with 4 ml of tri- 
chloroacetic acid. The protein was suspended in 1 ml of water 
at 0° and stirred with 1 ml of 2 n hydroxylamine pH 6.4, for 10 
minutes. The FeCl;-HCl-trichloroacetic acid reagent (15) was 
then added, the precipitate centrifuged, and the supernatant read 
in the Beckman spectrophotometer at 540 my. Suitable blanks 
were run with the glyceraldehyde dehydrogenase which was in- 
activated with trichloroacetic acid before the addition of p-nitro- 
phenyl! acetate. 


Protein Addition Protein “drozamic 
pmoles pmoles 
3-Phosphoglyceraldehyde | None 0.29 0.89 1:3.1 
dehydrogenase DPN 0.32 0.0 1:0 
IAA 0.32 0.0 1:0 
Albumin None 0.70 0.0 1:0 
Aldolase None 0.20 0.0 1:0 
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TaBLeE VII 
Preparation of C'4-acetyl enzyme complex 


The radioactive acetyl enzyme was prepared in 0.1 m Tris pH 
7.0, by incubating 7.9 umoles of C'4-p-nitropheny] acetate (1,071, 
200 counts per minute) and 0.39 umole of glyceraldehyde dehy. 
drogenase which had been treated with charcoal and dialyzed, 
Total volume, 3.3 ml. After 7 minutes at 0°, the enzyme was 
precipitated with 16 ml of a mixture of acetone-ether-1 n HC), 
20:5:1 and kept at —10° for 15 minutes. The precipitate was 
washed four times with this solution and then twice with 3 ml of 
acetone. Previous experiments had shown that after four washes, 
the contaminating isotope was removed. The acetone washes 
facilitated the drying of the precipitate in air. The precipitate 
was dissolved in 0.04 n HCl, digested with 1.6 mg of pepsin for 
10 hours, and a suitable aliquot was withdrawn for counting in 
the liquid scintillation counter. 


Sample Total c.p.m. aaa Protein: 
groups acetyl ratio 
pmoles 

(1) Reaction mixture......... 1,071,200 7.9 1:20 
(2) Washes 1to5............ Not counted 
(3) 6th Wash, acetone........ 0 0.0 
(4) Precipitate in 0.04 n HCl 
digested with pepsin....... 164 ,080 1.2 1:3.0 
TABLE VIII 
Summary of activities of dehydrogenase 
Properties 
Activity 
pH Optimum) Effect of IAA Effect of CN- Bound DPN 
Dehydro- 8.0 or | Inhibits No effect Required 
genase above | (1X10-3m)} (1 X 1073 Mm) 
Transferase | or | Inhibits No effect Required 
(P32 ex- above (1 10-3 m) 
change or 
arsenoly- 
sis) 
Esterase 8.0 or | Inhibits No effect Inhibits 
above (1 X 10-3 m) 
Phosphatase | 7.0 or! No effect | Inhibits Required 
below or (1 X 10-5 m) 
slightly 
stimula- 
tory 


pletely inhibited the formation of the acetyl enzyme complex, and 
presumably in this way inhibited the hydrolysis of p-nitrophenyl 
acetate at pH 8.0 as previously noted (Fig. 1 and Table IV). 
The results obtained by the radioactive method are shown in 
Table VII. The procedure for preparing the C'*-acetyl enzyme 
is described in the table. ’ Previous experiments have shown that 
after the fourth wash, the precipitate is free from contaminating 
radioactivity. In the experiment reported in Table VII, the 
counts of the sixth wash were equal to background. The sudden 
rise in the total activity in the pepsin digest of the enzyme in- 
dicates a firmly bound acetyl group. The calculated number of 
three-acetyl groups per mole of enzyme agrees with the data 
obtained by the two previous methods. The acetyl group has 
been shown to be bound to the enzyme, as it is present in a pep- 
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tide fragment which was obtained after the pepsin digestion and 
ean be purified by paper chromatography and electrophoresis 


(21). 
DISCUSSION 


The experimental findings indicate that the hydrolysis of p- 
nitropheny! acetate is an enzymatic activity of 3-phosphoglycer- 
aldehyde dehydrogenase and is not due to a contaminating en- 
zvme or nonprotein catalyst. The hydrolysis was observed in 
many preparations of four times recrystallized enzyme, and the 
rate of the reaction is faster than the well established catalysis 
by chymotrypsin. In addition, the hydrolysis appears to involve 
Pe least a portion of the site required for the normal activity of the 
dehydrogenase, since the hydrolytic reaction is inhibited by 3- 
phosphoglyceraldehyde, glyceraldehyde, acetyl phosphate, DPN, 
phosphate, and arsenate, which are substrates and cofactors of 


the classical reactions of the dehydrogenase. These compounds | 


do not have any significant effect on the activity of chymo- 
trypsin toward p-nitrophenyl acetate. Moreover, under proper 
conditions, the reaction of p-nitrophenyl! acetate with the dehy- 
drogenase results in the stoichiometric formation of an acetyl 
enzyme complex. 

The enzyme to acetyl ratio of the complex formed with the 
dehydrogenase and p-nitrophenyl acetate is approximately 1:3 
by spectrophotometric, hydroxamic, and C' determinations. A 
similar acetyl enzyme complex formed with the dehydrogenase 
and acetyl phosphate has been observed spectrophotometrically 
by Harting and Chance (22). Racker and Krimsky isolated 
this complex and found 0.8 mole of acetyl moiety per mole of 
enzyme (23). Additional experiments are required to show 
whether the acetyl enzymes prepared with p-nitropheny] acetate 
and acetyl phosphate are identical. 

In order to facilitate the comparison of the various activities 
of the dehydrogenase a brief summarizing table is given (Table 
VIII). 

The classical reaction of 3-phosphoglyceraldehyde dehydro- 
genase in the Embden-Meyerhof scheme involves dehydrogenase 
and transferase activities. Both activities have the same prop- 
erties with regard to pH optimum, sulfhydryl groups, and DPN 
requirement. Esterase or phosphatase activity is not observed 
under these conditions. The hydrolytic activities appear when 
the enzyme is altered; that is, removal of DPN induces esterase 
activity, and blocking of the sulfhydryl groups with IAA brings 
out phosphatase activity. Under either of these conditions, 
the dehydrogenase and transferase activities do not occur. 

It is interesting that the dehydrogenase can be converted into a 
transacylase, a phosphatase, or an esterase by altering the experi- 
mental conditions. A number of other enzymes, such as the 
proteolytic enzymes papain, trypsin, and chymotrypsin (24-27), 
phosphatases, (28) and invertase (29), have been shown to cata- 
lyze two types of reactions. The dehydrogenase is unique in 
that the state of the enzyme is critical, and the four reactions are 
frequently mutually exclusive. For example, an enzyme with 
maximal esterase activity does not have phosphatase properties. 
This type of interconvertibility of enzymes may be implicated in 
other circumstances, such as the appearance of an ATPase in 
damaged mitochondria or enzymatic changes in aging or em- 
bryogenesis. 


SUMMARY 


1. 3-Phosphoglyceraldehyde dehydrogenase crystallized from 
rabbit muscle catalyzes the hydrolysis of p-nitropheny] acetate. 
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The activity per mole of enzyme is 5 times greater than that of 
chymotrypsin. 

2. The inhibition of the esterolytic reaction by enzyme-bound 
diphosphopyridine nucleotide distinguishes this catalysis from 
the previously described dehydrogenase, transferase, and phos- 
phatase activities of the enzyme. 

3. The hydrolysis of p-nitrophenyl! acetate requires sulfhydryl 
groups, whereas the hydrolysis of acetyl phosphate does not. 

4. The esterolysis occurs at or near the site involved in the 
other activities of the enzyme, since it is inhibited by substrates 
and cofactors such as 3-phosphoglyceraldehyde, diphosphopyri- 
dine nucleotide, phosphate, and arsenate. 

5. The hydrolysis of p-nitrophenyl acetate involves the for- 
mation of an acetyl enzyme complex which has been isolated and 
shown to have three acetyl groups bound per molecule of pro- 
tein. 
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Dehydrogenase Reaction” 
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The flavoprotein, dihydroorotic dehydrogenase, catalyzes the 
reversible reaction shown in Equation 1 (1, 2). In this reaction, 
3-acetylpyridine diphosphopyridine nucleotide may 


orotate + DPNH + H* t-dihydroorotate + DPN* (1) 


be substituted for diphosphopyridine nucleotide (DPN) (2). The 
present report is concerned with measurement of the equilibrium 
constants of the reactions in which orotate is reduced to dihy- 
droorotate by reduced diphosphopyridine nucleotide (DPNH) 
and by its reduced analogue, reduced acetylpyridine diphospho- 
pyridine nucleotide. 


EXPERIMENTAL PROCEDURE 


Crystalline dihydroorotic dehydrogenase was prepared as 
previously described (1). u-Dihydroorotic acid was obtained 
from the California Corporation for Biochemical Research. It 
was analyzed in solution by conversion to orotate in the presence 
of the dehydrogenase and molecular oxygen (1, 2). This oxidase 
reaction converts dihydroorotate quantitatively to orotate, which 
is determined spectrophotometrically. Orotate has an absorp- 
tion peak with a maximum at 278.5 my, and a millimolar extinc- 
tion coefficient, €max = 7.68 (3). At this wave length, dihydro- 
orotate shows no light absorption. In the equilibrium mixtures 
in which orotate formation was measured in the presence of 
DPN*+ and DPNH, the absorbancy change was determined at 
282 my, at which DPN*+ and DPNH have the same absorbancy 
and €»m = 7.5 for orotate (2, 3). 

DPN*+ from Pabst Laboratories was analyzed by reduction 
with ethanol in the presence of alcohol dehydrogenase. Calcula- 
tions were made with €na = 6.22 for DPNH at 340 my (4). 
The 3-acetylpyridine-DPN*+ (5), obtained from Nutritional 
Biochemicals Corporation, was assayed in similar fashion, with 
calculations made from €mx = 7.8 for the 3-acetylpvridine- 
DPNH at 365 muy (5). 

Equilibria were generally established by incubating DPN+ 
and dihydroorotate with enzyme under anaerobic conditions in 
buffered cysteine solution until no further change occurred in 
light absorbancy at 340 my. The measurements were made 
with a Beckman model DU spectrophotometer with a cell com- 
partment maintained at 20°. Quartz cuvettes of 1-cm light path 
were sealed to the tops of Thunberg tubes. Air was removed 
by evacuation of this vessel after the reaction mixture had been 
frozen in a Dry-Ice bath. The reaction was started by tipping 


* Supported by grants from the American Cancer Society and 
from the National Institute of Arthritis and Metabolic Diseases 
(No. A-891) of the National Institutes of Health, United States 
Public Health Service. 
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the enzyme solution from the side arm after thawing and tem. 
perature equilibration. This order of addition was necessary to 
avoid a need for large amounts of enzyme, since dilute solutions 
of the enzyme are rapidly inactivated at room temperature and 


large amounts cause a turbidity development which interferes _ 


with the measurements of absorbancy changes. 
During the reduction of DPN+ by dihydroorotate, the course 
of the change of the absorption spectrum over the range 260 to 


360 mp was checked with a Cary model 11 recording spectro-. 


photometer to ensure that the change was that expected from 
the formation of equivalent amounts of DPNH and orotate. 
Calculations were made from the absorbancy changes at 282 mp 
and at 340 mu. 

Equilibration periods of from 40 minutes to 1 hour were neces- 
sary to ensure achievement of equilibrium with the amounts of 
enzyme used. During this time, there was an increase in absorp- 
tion at 282 my associated with denaturation of the enzyme. 
Such changes were measured with enzyme incubated in cysteine- 
buffer mixture in the absence of substrate, and corrections were 
applied to the changes observed during the reaction. Controls 
were also performed to ensure that the absorbancy changes meas- 
ured at 340 my were not due to the interaction of DPN and 
cysteine. Corrections were necessary mainly at higher pH 
values. 


In the measurements with acetylpyridine-DPN, the amount 


of orotate formed was not determined directly. Calculations 
were based on the assumption that the amount of dihydroorotate 


oxidized to orotate was equivalent to the amount of the acetyl- — 


pyridine-DPN reduced. 


RESULTS AND DISCUSSION 


The equilibrium constants measured were calculated for the 


reaction in the direction of oxidation of the reduced pyridine | 


nucleotide by orotate, and are defined by the equations: 


(orotate)(DPNH)(H*) 


kppn = 


(L-dihydroorotate) (acetylpyridine-DPN*) 
(orotate) (acetylpyridine-DPN H)(H*) 


Kacetylpyridine-DPN = 


The quantities in parentheses represent molarities. These 


values were determined over a sufficient pH range to test the — 


dependence of the equilibrium on the hydrogen ion concentrs- 
tion. Detailed protocols of representative results are shown ID 


Tables I and II. These are selected data, to illustrate some of © 
the discrepancies encountered, and to include the most accurate — 
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TABLE I[ 
Equilibrium constant for reduction of DPN by dihydroorotate 
The reaction mixtures contained 600 uwmoles of sodium phos- 
phate buffer of the pH indicated, 20 umoles of cysteine, 25 to 35 
of enzyme, and the initial amounts of dihydroorotate and 
DPN* indicated, in a volume of 3 ml. The amounts of DPNH 
and of orotate formed are given for this total volume, and have 
been corrected as described in the text. 


23 : 
pH | formed | formed | 
23 
= = 
umole pmole pmole 
6.1 | 10 | 0.331 | 0.045 | 0.029 | 2300 2.9 X 10° 
10 | 0.331 | 0.045 | 0,029 | 2300 2.9 X 10° 
10 | 0.331 | 0.054 | 0.029 | 1900 2.4 xX 10° 
10 | 0.358 | 0.056 | 0.019 | 3200 4.0 X 10° 
Average, 3.0 10° 
6.4) 5 | 0.331 | 0.058 | 0.031 | 824 2.07 X 10° 
10 | 0.358 | 0.060 | 0.047 | 1090 2.75 X 10° 
10 | 0.331 | 0.070 | 0.051 | 778 1.95 XK 10° 
10 | 0.346 | 0.060 | 0.046 | 1080 2.70 XK 10° 
Average, 2.37 10° 
6.7*, 5 | 0.331 | 0.063 | 0.055 | 394 1.97 X 10° 
5 | 0.358 | 0.059 | 0.052 | 491 2.46 X 10° 
10 | 0.331 | 0.082 | 0.078 | 392 1.96 X 10° 
10 | 0.331 | 0.080 | 0.078 | 402 2.02 X 10° 
10 | 0.331 | 0.081 | 0.074 | 425 2.12 * 10° 
10 | 0.358 | 0.063 | 0.077 | 575 2.88 X 10° 
Average, 2.24 X 10° 
7.2*| 4 | 0.331 | 0.072 | 0.075 | 186 2.96 XK 10° 
5 | 0.331 | 0.094 | 0.092 | 136 2.16 X 10° 
Average, 2.56 X 10° 


* Average for pH 6.7 and 7.2 is 2.34 XK 10%. 


measurements obtained. Wider variations of pH and substrate 
concentration were also employed, and the reaction was carried 
out in the other direction to ensure that the same equilibrium 
point was reached. The oxidation of DPNH by orotate pro- 
ceeds so far to completion that the equilibrium point is not easy 
to determine with accuracy. The pH activity curve shows that 
there is no detectable enzyme activity at pH 8 and above (1); 
therefore, the reaction cannot be carried out at the high pH 
values which are often used to favor the reduction of DPN by 
substrate with other dehydrogenases. Inspection of the data in 
Table I shows that the agreement between the measurements for 
DPNH reduced and orotate formed was poor at pH 6.1, better 
at pH 6.4, and satisfactory at pH 6.7 and 7.2. The best weighted 
value is taken as the average of all the values listed for the latter 
two pH values. The pH optimum for the enzyme activity is at 
about 6.7, and some of the difficulty encountered at the lower 
pH values might be due to lower enzyme activity, but they can- 
not all be explained in this way. The corrections for turbidity 
development would appear to be inadequate at pH 6.1. In spite 
of these experimental imperfections, the data are regarded as 
evidence that the dependence of the equilibrium on the hydrogen 
1on concentration is approximately that indicated by the equa- 
tions defining k. 
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Acetylpyridine-DPN has been shown by Kaplan et al. (6) to 
be a considerably better oxidant than DPN itself. This was 
confirmed by the fact that the value for Kacetytpyridine- DPN, Shown 
in Table II, was considerably smaller than that for kppn. For 
comparison, the equilibrium constants given by Kaplan e al. 
(6) for alcohol, lactic, and glutamic dehydrogenase are listed in 
Table III together with the equilibrium constants for dihydro- 
orotic dehydrogenase found in the present studies. The A 
constant values given in Table III are the reciprocals of k; 7.e. 
Kpen = 1/kppn and K = 1/KAcetyipyridine- DPN- 
The best values for the dihydroorotic dehydrogenase reaction are 
taken as kppn = 2.3 X 10° and k acetylpyridine- DPN = 2.7 X ll’. 
There is poor agreement between the ratios of K acetyipyridine- 
ppn to K ppn calculated for each of the enzymes. This ratio is 
86 for dihydroorotic dehydrogenase, about 200 for aleohol and 
lactic dehydrogenase, and 920 for glutamic dehydrogenase. The 
ratio should be the same if the equilibria are correctly formulated. 
In view of the inaccuracies in the measurements, however, the 
value of the ratio for dihydroorotic dehydrogenase may be 
regarded as being in approximate agreement with those for 
alcohol and lactic dehydrogenase. 

Dihydroorotate can be seen to be a good reductant for DPN 
relative to ethanol, lactate, and glutamate. The free energy 


TABLE II 


Equilibrium constant for reduction of acetylpyridine-DPN by 
dihydroorotate 
In all of these measurements, 0.285 umole of acetylpyridine- 
DPN*t was added to the reaction mixture, with the amount of 
dihydroorotate indicated. Otherwise the experimental condi- 
tions were the same as those indicated for Table I. 


Acetyl- 
pH 23 kAcety Ipyridine-DPN 
Bo formed 
a 
pmoles pmole 
6.1 5 0.152 27.9 3.5 XX 10? 
10 0.184 29.3 3.7 X 107 
Average, 3.6 X 10? 
6.4 + 0.180 12.4 3.1 X 10? 
5 0.200 10.2 2.6 X 107 
5 0.205 9.1 2.3 X 10? 
10 0.225 11.5 2.9 X 10’ 
Average, 2.7 X 10? 
6.7 5 0.225 5.7 2.8 X 10’ 
5 0.230 5.0 2.5 X 10’ 
Average, 2.65 X 107 
TaBLeE III 


Equilibrium constants for dehydrogenase reactions with DPN and 
acetylpyridine-DPN 


K ce r ne~ 

Enzyme Kppn A — idi 
Alcohol dehydrogenase......... 16 | 3.0 X 10-9 
Lactic dehydrogenase........... 1.2 X 10° | 2.7 x 107° 
Glutamic dehydrogenase........ 0.61 X | 0.56 1071 
Dihydroorotic dehydrogenase...| 4.3 107° | 3.7 X 
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change AF’ at pH 7.0 and 20° for the oxidation of DPNH by 
orotate may be calculated from the equation: 


AF’ = —RT In k’ 
in which k’ = (H*+)kppw = 1077 X 2.3 X 10° = 2.3 XK 102, and R 
and 7’ represent the gas constant and the absolute temperature. 


AF’ = —2.3 X 1.99 X 293 log 2.3 & 10? 
AF’ = —3170 calories 


If the oxidation-reduction constant, Eo’, for the DPN-DPNH 
system is taken as —0.320 volt at pH 7.0 (7, 8), Eo’ for the orotate- 
dihydroorotate system may be calculated from the equation: 


AF’ = —nFAE,)’ 
in which n = 2 and F is the faraday (96,500 coulombs) 


AF’ = —3,170 calories = —3,170 X 4.18 or —13,100 joules 
AE,’ = 13,100/2 X 96,500 = 0.068 volt 


Therefore EZ,’ for orotate-dihydroorotate = —0.320 + 0.068 = 
—0.252 volt at pH 7.0. 


SUMMARY 


The enzyme dihydroorotic dehydrogenase has been used to 
determine the equilibrium constant for the reduction of diphos. 
phopyridine nucleotide by dihydroorotate, K = 4.3 * 10> at 
20°; and for the reduction of acetylpyridine diphosphopyridine 
nucleotide by dihydroorotate, A = 3.7 X 10-8 at 20°. 
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Studies Concerning the Formation of the 


8-Methyl Ether of Xanthurenic Acid* 


J. K. Roy,t J. M. Prics,f anp R. R. Brown 


From the Cancer Research Hospital, University of Wisconsin Medical School, Madison, Wisconsin 


(Received for publication, April 4, 1960) 


The 8-methy] ether of xanthurenic acid has been identified in 
the urine of humans and swine, but could not be detected in the 
urine of rats or several other species (1, 2). The present studies 
were conducted in an attempt to determine the pathway of bio- 
synthesis of this quinoline derivative and to determine the meta- 
bolic fate of 3-methoxykynurenine which is one of its possible 
precursors. : 

No evidence could be obtained to indicate that xanthurenic 
acid was O-methylated in the 8-position by intact humans or 
rats. No O-methylation of xanthurenic acid or 3-hydroxy-t- 
kynurenine was detected in vitro with the use of the system de- 
scribed by Cantoni (3) for the N-methylation of nicotinamide 
or the system of Axelrod (4) for the O-methylation of catechols 
and catecholamines. However, 3-methoxykynurenine was con- 
verted to the 8-methy] ether of xanthurenic acid in vivo or in 
vitro. 3-Methoxyanthranilic acid was also detected after the 
incubation of 3-methoxykynurenine with a rat liver system. 


EXPERIMENTAL PROCEDURE 


Reagents—Xanthurenic acid, its 8-methy] ether, and L-kynure- 
nine were from preparations used in previous studies (1, 5). 
The xanthurenic acid used was free from detectable amounts of 
its 8-methyl ether (1). 3-Hydroxy-p.L-kynurenine was kindly 
supplied by Dr. L. M. Henderson. 3-Hydroxy-t-kynurenine 
was isolated from human urine (6). Pyridoxal phosphate (100 
+ 3% purity) was purchased from California Corporation for 
Biochemical Research. 

3-Methoxy-pt-kynurenine was prepared by hydrogenation of 
1.9 g of 2-nitro-3-methoxy-pL-benzoylalanine (7) in 1 N HCl (125 
ml) over 10% palladium on charcoal for a period of 4hours. After 
removal of the catalyst by filtration, the reduced product was 
freed from hydrochloric acid in a vacuum, dissolved in a small 
amount of water, and when adjusted to pH 4.0 with a saturated 
solution of sodium acetate, 3-methoxy-pL-kynurenine was pre- 
cipitated. The product, purified by repeating this precipitation 
four times, melted with decomposition at 209-212° (yield 1.4 g; 
80%). When refluxed with 57% hydriodic acid it was con- 
verted to 3-hydroxy-pL-kynurenine which was identified by 
paper chromatography in the solvent system of Mason and Berg 
(8) containing 1 ml of glacial acetic acid per 100 ml of solvent 


* Supported in part by grants from the National Institute of 
Arthritis and Metabolic Diseases (No. A-1127 (C3)), Public Health 
Service; from the American Cancer Society; and from the Wis- 
consin Division of the American Cancer Society. 

t Deceased June 15, 1960. 

t American Cancer Society-Charles S. Hayden Foundation 
Professor of Surgery in Cancer Research. 


(9). Paper chromatography of 3-methoxy-p1L-kynurenine in the 
same solvent system revealed that, like 3-hydroxy-pL-kynure- 
nine (9, 10) and pit-kynurenine (11), it was resolved into spots 
of 3-methoxy-p- and 3-methoxy-t-kynurenine. Under ultra- 
violet light it showed two equal spots (Rr 0.40 and 0.50) with 
greenish yellow fluorescence. These spots gave a purple color 
reaction after being diazotized on the paper and sprayed with 
ethyl-1-naphthylamine (12). 

3-Methoxyanthranilic acid was prepared as described by Nye 
and Mitchell (13). It was chromatographed in the above sol- 
vent system as a bluish violet fluorescent spot (Ry 0.90) and 
also gave a purple color after diazotization and coupling with 
ethyl-1-naphthylamine (12). 

Determination of 8-Methyl Ether of Xanthurenic Acid—Aliquots 
consisting of 20% of a 24-hour collection of rat urine or 5% of a 
24-hour collection of human urine were diluted, acidified to 0.2 
N with HCl, and passed through a column of Dowex 50 (H*) 1.0 
cm in diameter and 3.0 em long. After elution with water as 
described previously (1, 14), the 8-methy] ether of xanthurenic 
acid was determined fluorometrically in 0.025 m phosphate buffer 
at pH 7.4 with the use of a Coleman model 12 photofluorometer 
fitted with B-1 and B-2 filters. A standard curve and recovery 
samples were run with each series of analyses. The eluate from 
Dowex 50 was also examined by paper chromatography (1). 

For the determination of the 8-methyl ether of xanthurenic 
acid produced in vitro, each incubation mixture was deprotein- 
ized by the addition of 3 volume of 16% trichloroacetic acid. 
The resulting precipitate was washed with 4% trichloroacetic 
acid, and the combined supernatant fluids were diluted with 
water to 20 ml and analyzed in the same way as the urine sam- 
ples described above. 

Studies in Vivo—The daily excretion of the 8-methy] ether of 
xanthurenic acid by rats was measured for 2 days before and 2 
days after intraperitoneal injection of test substances (Table I), 
dissolved or suspended in isotonic saline, and injected in four 
divided doses at 3-hour intervals. The urine was collected 
under toluene and kept frozen until used. The excretion of the 
metabolite by man was measured in 24-hour urine samples, pre- 
served with toluene, collected before and after the oral adminis- 
tration of the test substances listed in Table II. 

Studies in Vitro—Studies on the formation of the 8-methy] 
ether of xanthurenic acid from 3-methoxykynurenine were car- 
ried out under conditions (see Table III) such that product for- 
mation was directly proportional to time and enzyme amount. 
The optimum pH of this reaction was 7.0, and all substrates, 
activators, and inhibitors were adjusted to this pH. After in- 
cubation, the reaction mixtures were chilled in an ice bath, and 
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aliquots were taken for paper chromatography. The remaining 
reaction mixture was then deproteinized, and the 8-methy] ether 
of xanthurenic acid was determined quantitatively in the manner 
described above. 

In studies of the formation of 3-methoxyanthranilic acid from 
3-methoxykynurenine, rat liver was homogenized in 0.25 M 
sucrose, and nuclei and mitochondria were sedimented according 
to the method of Schneider (15). One milliliter of the resulting 
20% (weight per volume) supernatant solution was used in a 
complete system which contained 3-methoxy-pL-kynurenine 
(2.5 umoles) and MgCl. (0.001 o) in a final volume of 3.0 ml 
buffered with 0.03 mM pyrophosphate at pH 8.0. After 1 hour 
incubation at 37°, the mixture was deproteinized with trichloro- 
acetic acid. The supernatant fluid was diluted with water and 
passed through a column of Dowex 50 (H*) (1 cm in diameter 
and 9 cm long) and eluted as described previously for the deter- 


TABLE I 


Excretion of 8-methyl ether of xanthurenic acid in rat urine after 
intraperitoneal administration of various substances 


Excretion/rat/day 
(average) 
admini- admini- 
strationt | stration 
pmoles pmoles 
2 164 Xanthurenic acid 0.03 0.04 
2 164 L-Kynurenine 0.03 0.10 
2 164 3-Hydroxy-p.L-kynuren- 0.03 0.12 
ine 
1 82 3-Hydroxy-u-kynurenine | 0.03 0.03 
164 3-Methoxy-pL-kynuren- 0.07 23.20 
ine 
2 164 L-Tryptophan 0.03 0.04 
2 164 8-Methyl ether of xan- | 0.04 37.20 
thurenic acid 


* In each experiment urine was pooled from two rats except 
when 3-hydroxy-L-kynurenine was given, in which case only one 
rat was used because of shortage of material. 

+ The small basal values of the 8-methyl ether of xanthurenic 
acid are at the lower limits of sensitivity of the fluorometric 
method and cannot be considered significant, since the compound 
could not be detected in normal rat urine by paper chromatog- 
raphy. 


TABLE II 


Excretion of 8-methyl ether of xanthurenic acid in human urine after 
oral administration of various substances 


Excretion/subject/day 
Exper- 
— Dosage Substance administered Before i 
administration 

pmoles pmoles 

1 164 | Xanthurenic acid 0.840 0.922 

2 164 | Xanthurenic acid 1.340 1.41 

3 164 | 8-Methyl ether of xan- | 0.826 | 15.34 (day 1) 

thurenic acid 9.58 (day 2) 
4 82 | 3-Methoxy-p.L-kynuren- 0.995 2.87 
ine 
5 9800 | L-Tryptophan 0.876 1.94 


TABLE III 


Effect of carbonyl reagents on formation of 8-methyl ether of 
zanthurenic acid from 8-methoxykynurenine 
by rat liver homogenate 

Each flask contained 3-methoxy-pt-kynurenine (5 umoles), 
MgCl, (0.004 m) and 1 ml of 20% rat liver homogenate prepared 
in isotonic potassium chloride. The final volume was 3 ml ip 
0.05 m phosphate buffer (pH 7) and the incubation was carried 
out at 37° for 45 minutes. 


8-Methyl ether of 


Additions xanthurenic acid 

formed 

HE 

Boiled 0 

a-Ketoglutarate, (15 wmoles)................... 97 

Pyridoxal phosphate (0.15 wmoles).............. 53 
a-Ketoglutarate (15 wmoles) + pyridoxal phos- 

phate (0.15 119 

Hydroxylamine (0.0005 M)...................... 5 

Hydroxylamine (0.0001 M)...................... 17 
Hydroxylamine (0.0001 mM) + a-ketoglutarate 

Hydroxylamine (0.0001 m) + pyridoxal phos- 

phate (0.15 7 


Hydroxylamine (0.0001 m) + a-ketoglutarate (15 

umoles) + pyridoxal phosphate (0.15 umoles). . 85 
Hydrazine (0.0001 22 
Hydrazine (0.00001 37 
Hydrazine (0.0001 m) + a-ketoglutarate (15 

umoles) + pyridoxal phosphate (0.15 umoles). . 88 
Isoniazid (0.001 mM) + a-ketoglutarate (15 

Isoniazid (0.001 m) + pyridoxal phosphate (0.15 

Isoniazid (0.001 mM) + a-ketoglutarate (15 

umoles) + pyridoxal phosphate (0.15 umoles). . 88 


mination of aromatic amines (5). The 2.4 N"HCI effluent which 
contained 3-methoxyanthranilic acid was evaporated to dryness 
in a vacuum, and the 3-methoxyanthranilic acid was further 
purified by paper chromatography with the use of the solvent 
system described above. The compound was eluted from paper 
with 50% ethanol and again purified by passing through a 
column of Dowex 50 (Ht). The ultraviolet absorption spec- 
trum of this material was also determined. 3 


RESULTS 


In rats the compounds most effective in increasing the urinary 
excretion of the 8-methyl ether of xanthurenic acid were this 
compound itself and 3-methoxykynurenine (Table I). Adminis- 
tration of kynurenine or 3-hydroxy-pL-kynurenine produced 
questionable increases in the excretion of this metabolite, and 
3-hydroxy-t-kynurenine, xanthurenic acid, and t-tryptophan 
were without effect. In humans (Table II), the excretion of 
this compound was increased after the oral administration of 
the compound itself, 3-methoxykynurenine, or .i-tryptophan, 
whereas xanthurenic acid had no such effect. 

From the paper chromatographic studies of the incubation 
mixtures with rat liver (or kidney) homogenates, it was apparent 
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that 3-methoxy-pL-kynurenine was metabolized to the 8-methy] 
ether of xanthurenic acid. One form of 3-methoxy-pt-kynure- 
nine (Rr 0.50; presumably the L form) almost disappeared dur- 
ing the incubation. When boiled homogenate was incubated, 
§-methyl ether of xanthurenic acid was not detectable. The 
metabolite could not be detected when xanthurenic acid or 
3-hydroxy-L-kynurenine were incubated with the methylkinase 
system of Cantoni (3), although the enzyme preparations used 
did methylate nicotinamide to N-methylnicotinamide. Fur- 
thermore, no detectable methylation of xanthurenic acid or 
3-hydroxy-L-kynurenine occurred when these substrates were 
incubated with pig liver homogenate or with rat liver superna- 
tant fraction fortified with ATP, methionine (4), or other methyl 
group donors. 

Typical data concerning the formation in vitro of the 8-methy] 
ether of xanthurenic acid from 3-methoxykynurenine (Table 
III) illustrate the enhanced formation of this metabolite after 
the addition of pyridoxal phosphate and a-ketoglutarate to the 
incubation medium. Moreover, the addition of increasing levels 
of pyridoxal phosphate to flasks containing dialyzed homogenate, 
a-ketoglutarate, and 3-methoxykynurenine ultimately restored 
the activity of the homogenate to that of the nondialyzed con- 
trol. 

The results presented in Table III demonstrate that forma- 
tion of the 8-methy] ether of xanthurenic acid from 3-methoxy- 
kynurenine was inhibited when hydroxylamine, hydrazine, or 
isoniazid were added to the incubation mixture. This inhibi- 
tion by carbonyl reagents was partly reversed by the addition 
of pyridoxal phosphate and a-ketoglutarate. 

The results of paper chromatography of the incubation mix- 
tures showed that the intensity of fluorescence of the brilliant 
light blue spot corresponding to the 8-methy] ether of xanthu- 
renic acid was very much decreased when the incubation was 
carried out in the presence of the inhibitors, and its intensity 
was increased when the incubation was carried out in the pres- 
ence of a-ketoglutarate and pyridoxal phosphate. Thus, the 
results of the paper chromatography were in agreement with the 
quantitative data. 

3-Methoxyanthranilic acid, which was obtained by the incu- 
bation of 3-methoxykynurenine with the rat liver supernatant 
fraction, had an ultraviolet absorption spectrum identical with 
that of the authentic compound. The Ry, values, fluorescence, 
and color reactions of this compound and of an authentic sample 
were also identical. Paper chromatographic results indicated 
that the formation of 3-methoxyanthranilic acid was stimulated 
by pyridoxal phosphate and inhibited by hydroxylamine, hydra- 
zine, and isoniazid. 


DISCUSSION 


In recent years reports from various laboratories (16-21) have 
indicated that O-methylation of phenolic hydroxy] groups is an 
important pathway for the metabolism of catechol, catechola- 
mines, and other phenols. The occurrence of the 8-methyl 
ether of xanthurenic acid in urine of humans and pigs (although 
not in other species) (1, 2) suggested the possibility of a similar 
O-methylation of xanthurenic acid or 3-hydroxykynurenine. 
Studies reported here, however, did not detect methylation of 
either of these compounds in vivo or in vitro with fortified rat 
or pig liver preparations, but 3-methoxykynurenine was con- 
verted to the 8-methyl ether of xanthurenic acid in vivo and in 
vitro, suggesting that this compound might be the precursor of 
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the urinary 8-methy] ether of xanthurenic acid. From the data 
obtained, it seemed likely that 3-methoxykynurenine, like 3- 
and 5-hydroxykynurenine (22) was attacked by kynurenine 
transaminase. The requirement of kynurenine transaminase 
for pyridoxal phosphate (23) and the inhibition of pyridoxal 
phosphate-dependent amino acid decarboxylases and alanine 
a-ketoglutarate transaminase by various carbonyl] reagents have 
been demonstrated (24-27). 

In the present work it has been demonstrated that the forma- 
tion of the 8-methy] ether of xanthurenic acid from 3-methoxy- 
puL-kynurenine depended on pyridoxal phosphate and a-ketoglu- 
tarate. One form (probably L) of 3-methoxy-pu-kynurenine was 
metabolized, whereas metabolism of the other form could not 
be detected. The formation of this metabolite was inhibited by 
carbonyl reagents, and the inhibition was reversed by pyridoxal 
phosphate and a-ketoglutarate. All these observations suggest 
that 3-methoxykynurenine, like kynurenine and hydroxykynure- 
nine, was acted upon by a transaminase and not by an amino 
acid oxidase. 

The formation of 3-methoxyanthranilic acid was probably due 
to the action of rat liver kynureninase. Hayaishi (22) noted 
that bacterial kynureninase did not metabolize 3-methoxykynu- 
renine and attacked 3-hydroxykynurenine more slowly than 
kynurenine. He suggested that bacterial kynureninase was 
more specific than animal kynureninase, since Wiss and Fuchs 
(28) reported that the latter hydrolyzed 3-hydroxykynurenine 
twice as fast as kynurenine and metabolized a number of com- 
pounds having a-amino-y-keto configuration. The kynureni- 
nase also required pyridoxal phosphate and was inhibited by 
carbonyl] reagents like hydrazides (29). From the evidence pre- 
sented here, it appeared that 3-methoxykynurenine was prob- 
ably acted upon by kynureninase or a kynureninase-like enzyme. 

Results of the quantitative determination of the 8-methy] 
ether of xanthurenic acid in the urine of rats after the adminis- 
tration of metabolic precursors of kynurenic acid cannot be con- 
sidered reliable because of the analytical interference of large 
amounts of urinary kynurenic acid (14). The small amount of 
the 8-methyl ether of xanthurenic acid found in the rat urine 
after the administration of the synthetic 3-hydroxy-pL-kynure- 
nine probably arose from traces of uncleaved 3-methoxy-pDL- 
kynurenine present as an impurity in the substrate. Thus, in 
the rat a significant increase in urinary 8-methy] ether of xan- 
thurenic acid occurred only after ingestion of the compound 
itself or 3-methoxy-pi-kynurenine (Table I). 

Studies with human subjects (1) showed that after the admin- 
istration of tryptophan, the excretion of the 8-methyl] ether of 
xanthurenic acid was consistently increased. This was con- 
firmed by paper chromatography of the concentrated water 
effluent from the Dowex 50 columns used to determine the ex- 
cretion of the 8-methyl ether of xanthurenic acid by several 
human subjects before and after the ingestion of 2 g of L-trypto- 
phan. There was no detectable increase in the excretion of the 
methyl ether after the administration of xanthurenic acid (Ta- 
ble Il). This suggested that the methyl group was introduced 
before cyclization to form the quinoline ring. Furthermore, the 
ingestion of 3-methoxy-pL-kynurenine was followed by a definite 
increase in the excretion of the 8-methy] ether of xanthurenic 
acid in the urine of human subjects. From the data discussed 
above, the most probable pathway for origin of the 8-methy] 
ether of xanthurenic acid in man appears to be as indicated in 
the following scheme: tryptophan — kynurenine — 3-hydroxy- 
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kynurenine — 3-methoxykynurenine — 8-methyl ether of xan- 
thurenic acid. However, 3-methoxykyvnurenine has not been 
found as a natural product. 


SUMMARY 


The 8-methyl ether of xanthurenic acid was excreted in in- 
creased amounts in human urine after the administration of this 
metabolite, tryptophan, or 3-methoxykynurenine, but its ex- 
cretion was not increased after the administration of xanthurenic 
acid. The methyl ether of xanthurenic acid was excreted in rat 
urine after the administration of this compound itself or 3- 
methoxykynurenine, but there was little, if any, excretion of the 
methyl ether after the administration of xanthurenic acid, 
L-kynurenine, 3-hydroxy-L-kynurenine, or L-tryptophan. 

In studies using homogenates of rat liver, pig liver, or rat kid- 
ney with xanthurenic acid, its 8-methy! ether, 3-hydroxy-L-ky- 
nurenine, or 3-methoxy-pL-kynurenine as substrates, it was 
found that only 3-methoxykynurenine was converted to the 
8-methy] ether of xanthurenic acid. 

The formation of the methyl ether of xanthurenic acid from 
3-methoxykynurenine was stimulated by pyridoxal phosphate 
and a-ketoglutarate and inhibited by carbonyl reagents, suggest- 
ing the participation of a transaminase system. Furthermore, 
the action of the inhibitors was reversed by the addition of 
a-ketoglutarate and pyridoxal phosphate. 

3-Methoxykynurenine was attacked by a kynureninase-like 
enzyme to produce 3-methoxyanthranilic acid. 
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Most, if not all, of the hydroxyproline in collagen appears to 
be derived from proline (1, 2). It has been proposed by several 
investigators (2-7), on indirect evidence, that it is a bound form 
of proline which is hydroxylated and incorporated into collagen. 
Recent data (8-11) indicate an analogous situation in the hy- 
droxylation of lysine and its incorporation into collagen. The 
type of compounds which could possibly serve as substrates for 
the formation of bound hydroxyproline might be (a) those that 
contain within the same molecule proline destined for hydroxyla- 
tion as well as the proline destined for collagen-proline, (6) those 
that contain within the same molecule either proline destined 
for collagen-hydroxyproline or proline destined for collagen-pro- 
line, but not both concurrently. Examples of the first type 
might be (a;) a precollagen macromolecule with an excess of 
proline and lacking hydroxyproline, or (a2) a single completed 
peptide strand of tropocollagen or subunit thereof with an excess 
of proline and lacking hydroxyproline, Within our present un- 
derstanding of protein synthesis, examples of the second might be 
(b;) prolyl adenylate, or (b2) prolyl soluble ribonucleic acid. 

To gain more information about the hydroxylation of proline, 
the specific activities of proline and hydroxyproline from “soluble 
collagen” (extracted in cold 0.45 m sodium chloride (12)) were 
compared during a 24-hour period after administration of uni- 
formly labeled t-proline-C™ to guinea pigs. Variables such as 
the reproducibility of individual specific activity determinations, 
purity of collagen samples, and adsorption of free labeled proline 
by isolated collagen were evaluated. The results favor hypothe- 
sis (a2) as the bound form of proline which is hydroxylated. 


EXPERIMENTAL PROCEDURE. 


Preparation of Experimental Animals—Sixteen male guinea 
pigs, ranging in weight from 301 to 368 g and exhibiting weight 
gain over a 5-day period, were each treated by intracardial in- 
jection with 25 uc of uniformly labeled t-proline-C™ (11.8 ue per 
umole, supplied by Nuclear-Chicago Corporation). Two ani- 
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mals were killed at 3-hour intervals during the first 24 hours by 
exsanguinating via intracardiac puncture. The skin of the ani- 
mal trunks was used as the source of purified “soluble collagen” 
(12) obtained by the method described by Gross. 

Isolation of Proline and Hydroxyproline—Lyophilized, purified 
collagen samples were each hydrolyzed in sealed tubes with 6 N 
HCl (1 ml per 10 mg of protein) at 110° for 18 hours. The HCl 
was removed under vacuum and the residue subsequently made 
up to 1 ml per 8 mg of protein with distilled water. Samples 
were kept frozen until analyzed. A 0.2-ml aliquot was streaked 
along a 12-cm line on a sheet of Whatman No. 1 paper. Marker 
spots containing 12 ug each of proline and hydroxyproline were 
placed laterally to the collagen-hydrolysate streak. A descend- 
ing chromatogram was developed in phenol-water (4:1 weight 
per volume) until the solvent front had moved 45 cm. The 
chromatograms were dried for 24 hours in an air-circulating hood. 
The position of the imino acids of the hydrolysate was determined 
indirectly, by locating the markers with 0.5% ninhydrin in 95% 
ethanol on paper strips previously removed from the rest of the 
chromatogram. Strips containing imino acids from the hydroly- 
sate were eluted with water by descending chromatography. 
Each of the eluates, concentrated to 0.2 ml, was run on a separate 
sheet of Whatman No. 1 paper in butanol-acetic acid-water 
(100: 22:50 volume per volume) until the solvent front had moved 
45cm. The imino acids were identified and eluted as described 
above. They were free from other ninhydrin-reacting material. 
The eluates were made up to 10 ml with water. 

Determination of Specific Activities—Duplicate aliquots (each 
1 ml) were used for hydroxyproline (13) and proline (14) deter- 
minations. For radiochemical determination, 5-ml aliquots were 
placed in 10-dram vials and taken to dryness on a steam bath 
under nitrogen. To the dried vial content were added 0.5 ml 
of water, 6 ml of absolute ethanol, and 10 ml of toluene contain- 
ing 0.4% diphenyloxazole and 0.005% 1,4-bis-2’(5’phenyl-ox- 
azolyl)benzene. Samples were counted in a liquid phosphor 
counter. The imino acids in the quantities used for counting 
(100 to 200 ug) were found to be completely soluble in the scin- 
tillation fluid mixture used. The counts of both background and 
samples were continued for sufficient duration to bring the stand- 
ard error of the count below +2% (10). 

Adsorption by Collagen of Proline-C'*—Proline-C™“ was added 
in vitro to unlabeled guinea pig skin. It is assumed that under 
the conditions used, any proline-C™“ bound to isolated collagen 
will be adsorbed rather than incorporated by peptide linkage. 
This procedure was used as a measure of the contribution of ad- 
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sorbed proline-C“ to total collagen-bound proline-C™ for the 
animals which had been injected with labeled imino acid. 

Three guinea pigs were killed and the skins removed and pre- 
pared for extraction with 0.45 m sodium chloride as previously 


described. Uniformly labeled x-proline-C was added to the . 


finely divided skin in the cold extracting medium to give con- 
centrations estimated to be 10-fold those in the skin of animals 
(per unit weight) injected with 25 ue in vivo. Proline was iso- 
lated and its specific activity determined as previously described. 

Purity of Collagen-Proline—Soluble collagen samples were in- 
cubated with collagenase,! free from other known proteinase 
activity, and the specific activity @f proline determined in an 
ultrafiltrate of the incubation mixture. This procedure separates 
proline derived from collagen from proline derived from any 
other undigested, contaminating protein. 

Several aliquots of purified and lyophilized soluble collagen 
(from _ proline-C'-injected animals), coarsely divided, were 
treated with collagenase. The incubation system consisted of 
samples (5 to 7 mg) of collagen and 4 mg of collagenase (767 
units per mg) in 1 ml of water, and 1 ml of. 005 m CaCl. in Tris 
buffer pH 7.4, made up to a total of 5ml. The reactions were 
run in stoppered 25-ml flasks for 2 hours in a Dubnoff shaker 
at 37°. Thereafter, the incubation mixture was transferred to 
a 9-inch long piece of Visking tubing and ultrafiltered in a Tori- 
bara tube (15) by centrifuging at 2000 r.p.m. at 3° for 18 hours. 
Thymol was added before ultracentrifugation to prevent bac- 
terial contamination. The ultrafiltrates were hydrolyzed in 
sealed tubes with 6 N HCl, the proline isolated by paper chro- 
matography, and its specific activity determined as previously 
described. The purity of the collagenase was substantiated by 
incubating two 10-mg samples of defatted, dialyzed plasma pro- 
tein (containing 1000 c.p.m. per mg) obtained from guinea pigs 
which had received 25 we of uniformly labeled t-proline-€™. 
No measurable chemical or radiochemical amounts of proline 
were found in the ultrafiltrates. : 

Collagen-nitrogen was determined by a micro-Kjeldahl pro- 
cedure described by Lang (16). 


RESULTS 


Purity of Isolated Collagen Samples—Hydroxy proline-nitrogen 
as the percentage of total nitrogen determined for six purified 
collagen samples ranged between 8.2 and 7.1%. This result 
compares favorably with values of 7.7% and 8.2% obtained by 
Green et al. (2) and Jackson et al. (17) for soluble collagens from 
other sources. 

Reproducibility of Individual Specific Activity Determinations— 
Six 0.2-ml aliquots from one soluble collagen sample were indi- 
vidually run through the paper chromatographic separations 
and chemical and radiochemical determinations, as described 
above. The standard deviations of the mean (expressed as the 
percentage of deviation from the mean) for the hydroxyproline 
specific activity and proline specific activity are 6.7% and 7.6%, 
respectively. 

Proline Specific Activities of C Digested against Acid- 
Hydrolyzed Collagen—Within the limits of the reproducibility of 
the method, proline derived from a noncollagenous protein does 
not have a significant influence on the collagen-proline specific 


1 Collagenase prepared as described in Arch. Biochem. Bio- 
phys., 82, 245 (1959), was generously donated by Dr. Norman H. 
Grant, The Wyeth Institute for Medical Research, Radnor, Penn- 
sylvania. 
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activity determinations. This is indicated by the small differ- 
ences between the proline specific activities of the same collagen 
samples which have been either acid-hydrolyzed or collagenase- 
digested (Table I). 

Addition in Vitro of Proline-C'*—The specific activity of col- 
lagen-proline on addition in vitro of proline-C™ (see ‘“Experi- 
mental Procedure’’) ranged between 10 and 28 c.p.m. per umole. 
The specific activity of collagen-proline after the injection in 
vivo of proline-C' ranged between 600 and 3000 c.p.m. per umole. 
It is concluded that the results obtained in vivo are not signifi- 
cantly influenced by adsorbed proline, but reflect imino acid in- 
corporated into collagen by peptide linkage. 

Intracardial Injection of Proline-C'*—The specific activity 
ratios of hydroxyproline to proline for soluble collagen from skin 
of guinea pigs treated by injection with 25 ye of uniformly labeled 
L-proline-C' varied between the limits of 0.94 and 1.20 (Table 


TABLE I 


Comparison of proline specific activities and hydroxyproline to 
proline specific activity ratios of collagenase-digested and 
acid-hydrolyzed collagen 

Guinea pigs received 25 ue of proline-C™ intracardially and 
were killed at varying times thereafter. The collagen is purified, 
0.45 m sodium chloride-extracted material. 


. Hydroxyproline 
Proline Proline 
Time 
injection Acid- ila 5 Acid- 
collagen collagen collagen collagen 
hrs c.p.m./pmole 
3 2670 2910 1.20 1.11 
6 2550 2280 0.93 1.04 
15 1790 1940 1.17 1.08 
18 1590 1660 1.06 1.01 
18 2330 2250 1.06 1.10 
24 1260 1140 1.07 1.18 
TABLE II 


Proline and hydroxyproline specific activities of 0.45 sm sodium 
chloride-soluble collagen 
Guinea pigs received 25 ue of proline-C™ intracardially (except 
the first in this table, which received its proline intraperitoneally) 
and were killed in pairs at three hourly intervals for 24 hours. 


Time after injection Proline Hydroxyproline Hydronye. roline 
hrs c.p.m./pmole 
3 660 620 0.94 
3 2670 3220 1.20 
6 2520 2600 1.03 
6 2550 2380 0.93 
9 2270 2300 1.01 
9 1510 1470 0.97 
12 2540 2650 1.04 
12 2190 2450 1.12 
15 2700 2610 0.97 
15 1790 2090 1.17 
18 1590 1680 1.06 
18 2330 2470 1.06 
21 2110 2160 1.02 
24 1280 1310 1.02 
24 1260 1350 1.07 
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II). The deviation of the specific activity ratios from unity 
are random, independent of the time after administration of 
proline-C. The “true’’ values of all the specific activity ratios 
will be considered as unity. This is consistent with the repro- 
ducibility of the individual specific activity determinations and 
the random nature of the deviations about unity of the specific 
activity ratios. 


DISCUSSION 


In this discussion it is assumed that the mechanism for the | 
hydroxylation of both proline and lysine is the same, involving 
a similar bound form of the amino acids which serve as a sub- 
strate for hydroxylation. 

Several investigators have sought information about the pro- 
line- or lysine-containing substrate which is hydroxylated, by 
comparing the specific activities of collagen-proline or lysine with 
those of collagen-hydroxyproline or hydroxylysine at varying 
times after administration of proline-C™ or lysine-C™ to animals 
or tissue slices. ‘The results obtained may be divided into three 
groups: (a) specific activity ratios of OHLys/Lys of less than 
one as well as unity (8); (b) specific activity ratios of OHPr/Pr 
of one as well as greater than one (7); (c) specific activity ratios 
of OHLys/Lys or OHPr/Pr of less than one, progressing with 
time to values greater than one (2, 10). 

First, the specific activity ratios of OHLys/Lys of 0.7 from 
skin collagen 6 hours after administration of lysine-C" to rats 
were interpreted by Piez and Likins (8) to show the presence of 
a “collagen-like” bound lysine which is an intermediate in the 
conversion to hydroxylysine. The possibility of a noncollagen- 
ous protein contaminant containing lysine of higher specific 
activity than collagen-lysine was considered as an explanation 
for their results but not ruled out. Interestingly, at the same 
time that the specific activity ratio of skin collagen OHLys/Lys 
was 0.7, that of bone collagen was 1.0. The investigators sug- 
gest, therefore, that a similar precursor is involved which “‘is 
hydroxylated to different degrees, at different rates in different 
tissues.”’ 

Secondly, Robertson et al. (7) obtained some specific activity 
ratios of OHPr/Pr from carrageenin granulomata-collagen be- 
tween 1.0 and 1.18 after three intraperitoneal injections of pro- 
line-C“ to guinea pigs over a 3-day period. They suggested 
that the OHPr/Pr specific activity ratios greater than 1.00 indi- 
cate that “‘proline and bound hydroxyproline enter the precolla- 
gen molecule as individuals” and that they “militate against 
the view that collagen synthesis involves the formation of a pre- 
collagen of high proline and low hydroxyproline content.” Had 
data on the reproducibility of individual imino acid specific ac- 
tivity determinations been available, this would have permitted 
estimation of the significance of specific activity ratio differences 
within the limits of 0.18. 

Thirdly, Van Slyke and Sinex observed specific activity ratios 
of OHLys/Lys from skin collagen of 0.68, 0.71, and 1.1, at 1 
hour, 3 hours, and 2 weeks, respectively, after intraperitoneal 
injection of lysine-C to rats. The deviations of the activity 
ratio on both sides of unity were considered to be attributable 
to hydroxylysine free protein contaminants of their isolated col- 
lagen. Green and Lowther (2), in the discussion section of their 
studies in vitro, reported specific activity ratios of OHPr/Pr at 
10 minutes after proline-C™ incubation of 0.5 to 0.7, proceeding 
upward in a regular progression by 4 hours to 1.6. The specific 
activity ratios of OHPr/Pr at time intervals of 1 hour and less, 
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calculated (by E. H.) from their raw data (Fig. 3 in reference 
(2)) were found to be 0.78 at 10 minutes, 1.38 at 20 minutes, . 
0.83 at 30 minutes, 1.1 at 45 minutes, inconsistent with the dis- 
cussed steady upward progression. No estimation of the experi- 
mental error associated with the 10 minute-1 hour determina- 
tions is available. However, the 4-hour OHPr/Pr specific ac- 
tivity ratio of 1.6 is very adequately substantiated by a reported 
standard error for it of + 0.1. No explanation for the difference 
between the latter activity ratio of 1.6 and the results of this 
study is readily apparent. Tentative explanations for the spe- 
cific activity ratios obtained by Green et al. (2) were suggested 
to be “difficult to reconcile with any scheme of collagen synthesis 
involving hydroxylation of proline after completion of the col- 
lagen peptide chain.”’ 

In the studies reported at present, contamination of isolated 
collagen by protein not metabolically related to collagen but 
containing proline was ruled out. The reproducibility of an 
individual imino acid specific activity determination was eval- 
uated. The possibility that the purified collagen samples were 
associated with significant amounts of free proline-C™ was ex- 
cluded. The consistent OHPr/Pr specific activity ratios of 
unity, independent of time after administration of proline-C', 
best fit the hypothesis of hydroxylation proceeding in an inter- 
mediate which contains within the same molecule both proline 
destined for hydroxylation and proline destined for collagen- 
proline. This bound form of proline very likely represents a 
molecular species on the pathway of collagen synthesis dissimilar 
in physical properties (solubility characteristics) to the finished 
product, namely tropocollagen. If hydroxylation were to occur 
in a macromolecular intermediate, for example, a fully formed 
triple stranded collagen molecule with an excess of proline and 
lacking hydroxyproline, one might expect that the unhydroxy!]- 
ated intermediate would be associated with collagen of mature 
OHPr/Pr, even after extensive purification. In the latter ease, 
at early time periods after administration of proline-C', one 
would have obtained OHPr/Pr specific activity ratios of less 
than one. 

Another possible intermediate which could serve as substrate 
for hydroxylation is one containing within the same molecule 
either proline destined for collagen-hydroxyproline or proline 
destined for collagen-proline, but not both concurrently. In such 
a case, it would be fortuitous that the rates of accumulation of 
intermediates between free proline and collagen-proline, on one 
hand, and free proline and collagen-hydroxyproline, on the other 
hand, werethesame. Specific activity ratios of OHPr/Pr more or 
less than one, rather than unity, would be most likely. 

Studies in which cell-free systems of connective tissue origin 
are used and in which proline-C" is traced through the inter- 
mediates associated with its incorporation into microsomal pro- 
tein may be the solution to identify definitively the form of 
proline which is hydroxylated. 


SUMMARY 


1. The specific activities of proline and hydroxyproline from 
0.45 m sodium chloride-soluble skin collagen were compared at 
3-hour intervals for 24 hours after injection of labeled L-proline- 
C" into guinea pigs. 

2. The specific activity ratios, callogen-hydroxyproline to 
collagen-proline ranged between 0.94 and 1.20. The “true” 
values were considered as 1.00, consistent with the reproduci- 
bility of individual imino acid specific activity determinations 
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and the randomness with time of the deviations of the specific 
activity ratios about 1.00. 

3. The possibility of contamination of the purified collagen 
samples by protein not metabolically related to collagen which 
contains proline with a specific activity different from collagen- 
proline was ruled out. 

4. The amount of free proline-C™ which is adsorbed on col- 
lagen, influencing the specific activity of peptide-incorporated 
proline, was found to be negligible. 

5. The data are most consistent with the view that hydroxyla- 
tion occurs in a bound form of proline, not of macromolecular di- 
mensions, but which contains within the same molecule both 
proline destined for hydroxylation and proline destined for 
collagen-proline. 


REFERENCES 


1. Mrroma, C., Smitu, T. E., FRIEDBERG, F., aND RayForp, C., 
J. Biol. Chem., 234, 78 (1959). 
2. GREEN, N. M., anp LowTHER, D. A., Biochem. J., 71, 55 (1959). 


10. 
11. 


3 
4 
5 
6. 
7 
8 
9 


Vol. 236, No. 1 


. STETTEN, M. R., J. Biol. Chem., 181, 31 (1949). 
. RoBertson, W. van B., AND ScHowarTZ, B., J. Biol. Chem., 


201, 689 (1953). 


. Goutp, B. S., anp Woesner, J. F., J. Biol. Chem., 226, 289 


(1957). 
Jackson, D. S., New Engl. J. Med., 259, 814 (1958). 


. ROBERTSON, W. VAN B., Hiwetrt, J., AND HERMAN, C., J. Biol. 


Chem., 234, 105 (1959). 


. Prez, K. A., aND Lrxins, R. C., J. Biol. Chem., 229, 101 (1957). 
. F. M., anp D. D., J. Biol. Chem., 216, 245 


(1955). 

VaN SLYKE, D. D., aNp S1nex, F. M., J. Biol. Chem., 232, 797 
(1958). 

Srinex, F. M., Van Stryke, D. D., Curistman, D. R., J. 
Biol. Chem., 234, 918 (1959). 


. Gross, J., J. Exptl. Med., 107, 247 (1958). 
. Neuman, R. E., anp Logan, M. A., J. Biol. Chem., 184, 299 


(1950). 


. TROLL, W., AND LINDSLEY, J., J. Biol. Chem., 215, 655 (1955). 
. TortBara, T. Y., Anal. Chem., 35, 1286 (1953). 

. Lane, C. A., Anal. Chem., 3, 1692 (1958). 

. Jackson, D. S., Leacu, A. A., AND JacosBs, S., Biochim. et 


Biophys. Acta, 27, 418 (1958). 


12 
13 
15 
16 
| 17 
I 
é 
| t 


05). 


. et 


THE JOURNAL OF BIOLOGICAL CHEMISTRY 
Vol. 236, No. 1, January 1961 
Printed in U.S.A. 


A Microsomal Iron-Porphyrin Activator 


of Rat Liver Tryptophan Pyrrolase* 


PHILIP FEIGELSONT AND OLGA GREENGARD 


From the Departments of Biochemistry and Medicine, College of Physicians and Surgeons, | 
Columbia University, New York 32, New York 


(Received for publication, June 23, 1960) 


Tryptophan pyrrolase, the enzyme that catalyzes the oxidation 
of tryptophan to formylkynurenine, has been localized in the 
11,000 < g supernatant fraction of mammalian liver homogenates 
(1), which contains microsomes and cell sap. In the course 
of the present investigations (2), it was observed that the isolated 
microsomal fraction of rat liver is devoid of this enzyme. How- 
ever, addition of this microsomal fraction was found to stimulate 
the tryptophan pyrrolase activity of cell sap of rat liver homog- 
enates. Studies on the nature of this activation suggest that 
the activating principle of microsomes is ferriprotoporphyrin, 
which may be serving as the prosthetic group of tryptophan 
pyrrolase. 


EXPERIMENTAL PROCEDURE 


Livers, excised from male Sprague-Dawley rats immediately 
after death, were homogenized in a Waring Blendor in 7 volumes 
of 0.14 m KCI containing 0.0025 n NaOH. 

Subcellular fractions were prepared from the whole homogenate 
by differential centrifugation at 4°. Centrifugation for 30 
minutes at 600 xX g sedimented cell debris and nuclei. This 
supernatant fluid, containing cell sap, microsomes, and mito- 
chondria, was further centrifuged for 20 minutes at 12,000 x g 
in a Spinco model L preparative ultracentrifuge in order to sedi- 
ment a fraction containing mostly mitochondria. The remaining 
supernatant fluid was centrifuged for 50 minutes at 105,000 x g 
to give the microsomal fraction (Mc) and cellsap. Mitochondria 
and microsomes were washed by resuspension in 50 volumes of 
0.14 m KCI solution followed by sedimentation at the appropriate 
gravitational forces. 

The tryptophan pyrrolase assay procedure of Knox and Mehler 
(3) was modified as described below to permit the kinetic meas- 
urement of kynurenine formation. Whole homogenate or cell 
sap, 15 ml, was added to a solution consisting of 15 ml of 0.2 m 
sodium phosphate buffer, pH 7.0, 25 ml of HO, and 5 ml of 
0.03 Mm L-tryptophan. Supplements of microsomes, mitochondria, 
or other materials were suspended in buffer or water, maintaining 
a constant total volume. The mixture was shaken continuously 
in a 37° water bath in an atmosphere of air. Aliquots were re- 
moved at 10 to 15 minute intervals for 105 minutes, deproteinized 
with 15% m-phosphoric acid, and filtered. The filtrates were 
adjusted to pH 7.0 with NaOH, and kynurenine was estimated 
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spectrophotometrically at 365 my. Kynurenine concentration 
per gram wet weight of liver, from which the preparation was 
derived, was plotted as a function of incubation time, and the 
enzyme activity reported was derived from the slope of the line 
during the linear rate of kynurenine formation. 

The metalloporphyrins of isolated microsomes were separated 
from the microsomal protein by the procedure of Anson and 
Mirsky (4) and measured quantitatively by the method of Lewis 
(5). An acidified suspension of washed microsomes was poured 
dropwise with stirring into approximately 20 volumes of 0.01 Nn 
HCI in acetone at 0°. After continuous mixing for 5 minutes, 
the precipitate was removed by centrifugation. The extract was 
evaporated at 35° under vacuum with a rotary evaporator, and 
the residue was dissolved in dilute sodium hydroxide. When 
required, the acid-acetone-insoluble precipitate was suspended 
in water and dialyzed overnight against distilled water to remove 
all traces of acetone. Globin was prepared from crystalline 
bovine hemoglobin (Nutritional Biochemicals Company) by the 
same method as used in the isolated acid-acetone-insoluble 
microsomal precipitate. Hematin solutions were prepared im- 
mediately before use by dissolving commercially obtained hemin 
(Nutritional Biochemical Company) in dilute sodium hydroxide. 

RESULTS 

Subcellular Distribution of Tryptophan Pyrrolase—Studies on 
the subcellular distribution of tryptophan pyrrolase are illustrated 
in Table I. The preparations used in this experiment were ob- 
tained from a pool of six normal rat livers. The centrifugal 
elimination of all the particulate fractions results in a considerable 
loss in activity. Microsomes and, to a smaller extent, mito- 
chondria, when resuspended, stimulate the tryptophan pyrrolase 
activity of cell sap, although neither of these particulate fractions 
exhibited activity in the absence of cell sap. It can also be seen 
from Table I that the addition of microsomes in excess of the 
normal microsome-cell sap ratio further stimulates the trypto- 
phan pyrrolase activity of the cell sap to values higher than that 
of the whole homogenate. 

The tryptophan pyrrolase assay procedure employed is based 
on the conversion of tryptophan to kynurenine. Tryptophan 
pyrrolase itself, however, catalyzes only the conversion of tryp- 
tophan to formylkynurenine, the hydrolysis of formylkynurenine 
to kynurenine being catalyzed by a second enzyme, formylase. 
Formylase has been found to be in large excess in mammalian 
liver preparations and thus is not normally rate limiting (6). 
The absorption spectrum of the reaction product formed by the 


153 


289 
ol. 

D7). 

245 

797 

299 

| 


154 Activation of Tryptophan Pyrrolase 


TABLE I 
Subcellular distribution of liver tryptophan pyrrolase activity 


| Tryptophan pyrrolase 
activity 


pmoles kynurenine/ 


| g liver/hr 


0 
Microsomes, 4 equivalents.................. 0 
Cell sap and mitochondria, 1 equivalent.... 2 
Cell sap and microsomes, 1 equivalent...... 3. 
Cell sap and microsomes, 2 equivalents..... 5 
Cell sap and microsomes, 3 equivalents..... 5 
Cell sap and microsomes, 4 equivalents..... 5 


* One equivalent is the amount of particles isolated from 15 
ml of the 12,000 X g supernatant fraction of liver homogenates. 


TABLE II 


Activation of cell sap tryptophan pyrrolase by 
incubation with microsomes 

All incubations were carried out in the usual tryptophan-con- 
taining assay medium at 37°. One aliquot of the cell sap prepara- 
tion was incubated with microsomes (Mc) for 45 minutes, divided 
into two equal portions, and centrifuged at 105,000 X g for 50 
minutes at 0-3°. From one portion (a), the microsomal sediment 
was removed; in the other (6), the Mc were resuspended in the cell 
sap by gentle homogenization. Another aliquot of cell sap was 
incubated for 45 minutes without microsomes, then kept at 0° 
for 60 minutes and divided into 3 portions, which were assayed 
without Me (c), with fresh Me (e), and (d) with Mc recovered 
from (6b). The amount of Mc employed was 3 equivalents in each 
case. 


| | Trypto- 

. Incubation of cell sap During assay lpyrrolase 

activity 

+— 

moles 

ynur e- 

nine/g 

liver/hr 
(a) With Mec Me removed 3.3 
(b) With Me Me remaining 2.8 
(c) Without Mc Absent 0.6 
(d) Without Mc Mc removed from (a), added 2.8 
(e) Without Me Me added 2.9 


action of cell sap on tryptophan in the present experiments was, 
in fact, characteristic of kynurenine with no indication of formy]- 
kynurenine accumulation. Consequently, the decreased rate of 
kynurenine formation upon removal of the particulate fractions is 
not due to inadequate formylase activity in the cell sap. Simi- 
larly, the absence of catalytic activity in isolated microsomes can- 
not be attributed to a depletion in formylase, since no reaction 
products absorbing at either 321 or 365 my were detected, indi- 
cating no conversion of L-tryptophan to either formylkynurenine 
or kynurenine by microsomes. 

It can be shown that it is not necessary for the microsomal 
fraction to be present during the assay in order to exert its stimu- 
latory action upon cell sap tryptophan pyrrolase, but that its 
active principle is released to the cell sap during a 45-minute 
incubation period. Table II illustrates that if cell sap is incu- 
bated with microsomes in the usual tryptophan-containing assay 
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mixture, its tryptophan pyrrolase activity (c) is increased approxi- 
mately 4-fold whether the microsomes remain present during 
the actual assay (6) or whether they are removed after 45 min- 
utes of incubation, before assay (a). The absolute values of 
enzyme activities in Table II are not comparable to those in the 
other experiments presented, since the preparations, after the 
initial 45-minute incubation, were all kept at 0° for an hour 
before assay (see legend). 

It can also be seen from Table II that the stimulatory power 
of microsomes is not exhausted during 45 minutes of incubation 
with cell sap; when recovered and added to fresh cell sap, they 
were found to stimulate tryptophan pyrrolase activity as ef- 
fectively (d) as do fresh microsomes (e). 

With partially purified enzyme preparations, it has been re- 
ported that, in the absence of ascorbic acid, the onset of kynure- 
nine production due to tryptophan pyrrolase starts only a few 
minutes after the beginning of incubation with tryptophan (7). 
In the nonpurified preparations used in the present studies, this 
lag phase was much longer; linear rates were reached only after 
about 20 to 40 minutes of incubation, and ascorbic acid shortened 
this period by 5 to 8 minutes only. It can be seen in Fig. 1 
that the lag phase is of approximately the same duration for 
whole homogenates, cell sap, and cell sap in the presence of 
microsomes. Since the duration of the lag phase varies some- 
what from preparation to preparation, the tryptophan pyrrolase 
assay procedure, based upon a single measurement of the amount 
of kynurenine accumulated in the first 60 minutes, may be mis- 
leading. In the present studies, therefore, estimations of tryp- 
tophan pyrrolase activities were based on the rate of kynurenine 
accumulation during the linear phase, which persisted for more 
than 1 hour. When whole homogenates are incubated in the 
absence of tryptophan, as in Fig. 1, an initial transient decrease 
in absorption is observed, possibly due to a slow degradation of 
kynurenine normally present in the liver. The substrate-free 
controls for the preparations containing cell sap alone or cell 
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Fig. 1. The time course of the conversion of tryptophan to 
kynurenine by liver preparations. »—— X, whole liver homog- 
enate; O——O, cell sap with microsomes; @——@, cell sap alone. 
These were derived from the same pool of rat livers and assayed 
for tryptophan pyrrolase. ---, controls, assayed without the 
addition of the substrate, tryptophan. 
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sap plus microsomes do not show significant change in 365-my 
absorption during the usual incubation period. 

Nature of Tryptophan Pyrrolase Activator—Microsomal prepara- 
tions were subjected to a series of treatments designed to eluci- 
date the nature of the activator of cell sap tryptophan pyrrolase. 
It can be seen from Table III that ashing but not boiling de- 
stroved the stimulatory action of microsomes on cell sap trypto- 
phan pyrrolase. Centrifugation of a boiled microsomal suspen- 
sion yields a supernatant fluid containing very little activator 
and a denatured protein precipitate which is almost as active as 
the untreated microsomes. Thus, the active principle seemed 
to be a protein-bound organic substance. The activator may 
be solubilized by extraction of microsomes with acid-acetone, 
a procedure used for the removal of heme from hemoglobin (4), 
horseradish peroxidase II (8), and microsomal cytochrome b; (9). 
Acid-acetone extraction removes all of the activating ability from 
the microsomes. The extract is considerably more active than 
the corresponding amount of intact microsomes, suggesting that 
intact microsomes release only a small fraction of their activator 
into the assay medium. That this may be the case is also sug- 
gested by the observation that microsomes do not lose their 
stimulatory ability during incubation with cell sap (Table II). 
The absorption spectrum of the acid-acetone extract of micro- 
somes was identical with that of an acid-acetone extract of rabbit 
liver microsomal cytochrome 6; (9) with absorption maxima at 
385, 510, 540, and 640 my characteristic of ferriprotoporphyrin. 
With the use of the extinction coefficients given by Lewis (5), it 
was determined that 1 equivalent of microsomes contained 0.040 
to 0.045 umole of hemin. Commercially obtained hemin (ferri- 
protoporphyrin chloride), converted to hematin by dissolving in 
dilute alkali, was tested for tryptophan pyrrolase-activating 
properties and was found to stimulate markedly the tryptophan 
pyrrolase activity of liver cell sap (Table III), confirming that 
the active principle of microsomes is iron protoporphyrin. The 
moles of kynurenine formed as a result of hematin addition 
greatly exceed the moles of hematin added, indicating that hema- 
tin has acted catalytically. It should be noted that the iron 
protoporphyrin content of the microsomal acid-acetone extract 
is sufficient to account for its stimulatory effect. It can be seen 
that mitochondria also contain a heat-stable activator, suggest- 
ing that the reported increments in liver tryptophan pyrrolase 
activity which required the presence of mitochondria (10) might 
have been due to a release of this factor. Table III also shows 
that the particulate-free cell sap contains some latent activator 
which becomes available on boiling. 

In Fig. 2, it can be seen that the addition of hematin or acid- 
acetone extract of microsomes, unlike that of intact microsomes 
(Fig. 1), not only stimulates the tryptophan pyrrolase activity, 
but also abolishes the lag phase. The stimulatory action of 
hematin or microsomal acid-acetone extract on cell sap is ap- 
parent for 60 to 80 minutes. 

Globin, which is known to bind metalloporphyrins (11), when 
added to liver preparations, was found to inhibit their trypto- 
phan pyrrolase activity and to prolong the lag phase (Fig. 3). 
Albumin, or the microsomal residue, carried through the same 
acid-acetone extraction procedure showed no inhibitory action. 

The effect of increasing concentrations of hematin on cell sap 
tryptophan pyrrolase in the presence and absence of a constant 
amount of globin is shown in Fig. 4. Globin completely inhib- 
ited the enzyme activity and hematin could fully reverse this 
inhibition. When the hematin concentration is raised to 10 
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TaBLeE III 
Activation of cell sap tryptophan pyrrolase 


Rat liver cell sap was assayed for tryptophan pyrrolase in the 
presence of the indicated materials, which were added at the be- 
ginning of the assay. Unless otherwise stated, the quantity of 
microsomal or mitochondrial preparations added was 2 equiva- 
lents. Boiled microsomes or mitochondria were prepared by sus- 
pending them in 5 ml of phosphate buffer followed by heating in 
a boiling water bath for 20 minutes. The boiled microsomes were 
then centrifuged giving the ‘“‘supernatant of boiled microsomes,”’ 
and the sediment was washed in buffer to give ‘‘precipitate of 
boiled microsomes.”’ 


Increase in 
Additions 
activity 
% 
Boiled 133 
Supernatant of boiled microsomes.................. 11 
Precipitate of boiled microsomes................... 94 
Acid-acetone extract of microsomes, 0.1 equivalent”*. . 40 
Acid-acetone extract of microsomes, 0.25 equivalent. . 114 
Acid-acetone extract of microsomes, 0.33 equivalent. . 300 
Acid-acetone extract of microsomes, 1.00 equivalent. . 80 
Microsomal residue after acid-acetone extraction. . . 0 
Boiled 92 
Boiled cell sap, 0.6 ml.....................0...2.24.. 95 


* One equivalent renders the hematin concentration 0.68 uM. 


yumoles Kynurenine /g Liver 


Minutes 
Fic. 2. The effect of acid-acetone extract of microsomes and of 
hematin on the tryptophan pyrrolase activity of liver cell sap. 
Rat liver cell sap was assayed for tryptophan pyrrolase unsupple- 


mented (« e), in the presence of 0.3 um hematin (X——X) and 
in the presence of 0.5 equivalent of acid-acetone extract of micro- 
somes (O——O). 


uM, its stimulatory action is diminished; globin, by combining 
with some of the excess hematin, appears to stimulate slightly 
the tryptophan pyrrolase activity under these conditions. The 
effect of microsomes on the globin-inhibited tryptophan pyrrolase 
activity is similar to that of hematin; as the amount of added 
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Fic. 3. The inhibition of tryptophan pyrrolase activity by glo- 
bin. Rat liver cell sap was assayed for tryptophan pyrrolase in 
the absence (K——-X) and presence of 0.104 mg of globin per ml 
(e ¢) or 0.042 mg of globin per ml (O——O). 


pmoles Kynurenine /g Liver /hr 


ju M Hematin 


Fic. 4. The inhibition of liver cell sap tryptophan pyrrolase by 
globin and its reversal by hematin. Cell sap was assayed for 
tryptophan pyrrolase at various hematin concentrations in the 
absence (X———X) and presence (O——O)) of 0.1 mg of globin per 
ml. 


microsomes increases, the percentage inhibition by globin de- 
creases. 


DISCUSSION 


According to Tanaka and Knox (7), the short lag phase ex- 
hibited during the assay of purified bacterial tryptophan pyrrol- 
ase is due to the time required for the conversion of the inactive 
(Fe*+) to the active (Fe++) form and is eliminated by peroxide- 
generating systems, including ascorbic acid. The more pro- 
longed lag phase of the nonpurified liver preparations used in the 
present studies was completely eliminated by hematin or micro- 
somal extract but only slightly shortened by ascorbic acid. The 
connection, if any, between the present and previous observa- 
tions on the obliteration of the lag period in the assay of trypto- 
phan pyrrolase is not obvious. 

It has been shown that bacterial tryptophan pyrrolase is a 
heme protein (7). The properties of mammalian tryptophan 
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pyrrolase suggest that it also is an iron porphyrin enzyme (12, 
13). Evidence has now been presented that catalytic amounts 
of added hematin greatly stimulate the tryptophan pyrrolase 
activity of rat liver cell sap. Globin added to the assay system 
completely inhibited the enzyme and this inhibition could be 
fully reversed by the addition of hematin. These findings sug- 
gest that tryptophan pyrrolase exists in the cell sap partially 
unsaturated with respect to its prosthetic group and that globin, 
by virtue of its high affinity for metalloporphyrins, can remove 
the heme moiety normally present in the holoenzyme. Apopro- 
teins are known to vary in the degree of firmness with which 
they bind hemes (5). The ready dissociation of the iron por- 
phyrin activator from tryptophan pyrrolase appears to extend 
this spectrum of heme affinities to the point where it seems to 
resemble more closely a dissociating coenzyme than a tightly 
bound prosthetic group. However, definitive elucidation of the 
mechanism underlying the activation of tryptophan pyrrolase 
by hematin awaits purification of the enzyme. 

The present studies demonstrate that rat liver tryptophan 
pyrrolase is present exclusively in the soluble fraction of homog- 
enates, but that its activity can be increased by microsomes to 
a value over three times that obtained with the soluble fraction 
alone. The inhibitory action of globin can also be reversed by 
microsomes. Under the present assay conditions, intact micro- 
somes release only a fraction of their active principle and thus 
the amount required for maximal stimulation of cell sap trypto- 
phan pyrrolase is much greater than that expected on the basis 
of its hematin content. Acid-acetone extraction completely 
solubilizes the microsomal activating factor and the hematin 
content of that quantity of extract which gives maximal stimula- 
tion approximates the amount of commercially obtained hematin 
required to give maximal stimulation. Thus, the effect of micro- 
somal preparations can be attributed to their hematin content. 
It can be calculated that the complete solubilization of 10% of 
the liver microsomes would provide sufficient activator to 
stimulate significantly the tryptophan pyrrolase activity of liver 
cell sap. Thus, if liver tryptophan pyrrolase in vivo is likewise 
only partially saturated with respect to this activator, the rate 
of release of activator from particulate fractions to cell sap may 
serve to regulate the oxidative metabolism of tryptophan. 
Thus, this phenomenon may exemplify a regulatory mechanism 
based on subcellular compartmentation. 

Tryptophan pyrrolase is unusual among mammalian enzymes 
in that after the administration of its substrate, tryptophan, its 
activity in the liver is greatly increased (14). The relationship 
between this induction phenomenon and the activation of this 
enzyme herein described will be presented in detail in the ad- 


joining paper. 
SUMMARY 


The tryptophan pyrrolase activity of rat liver homogenates is 
confined to the soluble cell sap. This enzyme was found to be 
unsaturated with respect to an iron porphyrin activator, which 
is present in and can be released from microsomes. Hematin 
(0.5 uM) increases the tryptophan pyrrolase activity of liver cell 
sap several-fold. Globin (0.1 mg per ml), prepared from crystal- 
line hemoglobin, inhibits the tryptophan pyrrolase activity com- 
pletely. This inhibition can be reversed by hematin or micro- 
somes. The results suggest that the activity of tryptophan 
pyrrolase might be regulated by a translocation of an iron 
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porphyrin from the particulate to the soluble phase of the liver 
cell. 
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Pyrrolase in Vivo by Its Substrate* 
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Parenteral administration of tryptophan has been shown to 
increase markedly rat liver tryptophan pyrrolase activity (1). 
This phenomenon is often referred to as induction or adaptation 
due to its similarity to substrate-induced enzyme formation in 
microorganisms. The preceding article (2) documents the pres- 
ence of a factor in microsomes which activates tryptophan pyr- 
rolase of normal liver cell sap. Preliminary experiments have 
been reported which show that after tryptophan treatment, the 
elevated level of liver cell sap tryptophan pyrrolase, unlike that 
of normal cell sap, cannot be stimulated further by this micro- 
somal activator (3). These phenomena have now been further 
investigated and their relevance to the substrate-induced eleva- 
tions of rat liver tryptophan pvrrolase activity has been explored. 


EXPERIMENTAL PROCEDURE 


Liver tryptophan pyrrolase was induced by intraperitoneal 
injection of 1.82 ml of 5.08% L-tryptophan suspension in 0.9% 
NaCl solution per 100 g of body weight into male Sprague- 
Dawley rats weighing 250 to 330 g. Control rats received no 
injection. At the specified periods after injection, the animals 
were killed and livers were removed and homogenized in a Waring 
Blendor with 7 volumes of ice-cold 0.14 m KCl containing 0.0025 
wn NaOH. 

_ The tryptophan pyrrolase assay procedure employed has been 

described in the preceding paper (2). Cell sap was prepared 
from whole homogenates by centrifugal removal of nuclei and 
mitochondria at 12,000 x g for 20 minutes and then of micro- 
somes at 105,000 xX g for 50 minutes. Microsomes, isolated as 
the sediment of the second centrifugation, were washed by re- 
suspension in 50 volumes of 0.14 m KCl and resedimented. 
Washed microsomes could be stored at —20° for at least 30 davs 
without loss of tryptophan pyrrolase-activating power. When 
added to the assay mixture, the microsomes were suspended in 
an aliquot of the phosphate buffer present in the assay. The 
amount of microsomes isolated from 15 ml of supernatant fluid, 
obtained after centrifuging the liver homogenate at 12,000 x g, 
has been designated as one equivalent. Hematin was prepared 
by dissolving hemin (Nutritional Biochemicals Corporation) in 
dilute NaOH. 


* Supported in part by grants from the National Science Foun- 
dation and the National Cancer Institute, United States Public 
Health Service. 

t Established Investigator, Health Research Council of New 


York City. 


RESULTS 


Effect of Tryptophan in vivo on Response of Liver Cell Sap 
Tryptophan Pyrrolase to Its Activator—It has been shown that 
microsomes, which themselves do not have any tryptophan 
pyrrolase activity, or hematin, can more than treble the trypto- 
phan pyrrolase activity of normal liver cell sap (2, 3). In con- 
trast, it can be seen in Fig. 1 that the slope of the linear portion 
of the time curve of kynurenine accumulation in cell sap from 
rats treated with tryptophan is not further increased by the. 
presence of microsomes or hematin. If microsomes from experi- 
mental and control rats are interchanged, the results remain 
essentially the same. The addition of microsomes or hematin 
to “induced’’ liver cell sap delays the decline in the rate of 
kynurenine formation. Addition of microsomes or hematin, at 
the time when the catalytic activity of cell sap is already dimin- 
ished, instead of at zero time, also restores the rate of kynurenine 
formation, indicating that the decline in activity was not due to 
irreversible inactivation of enzyme protein. 

Another conspicuous difference between normal and “induced” 
cell sap preparations is that in the former there is a 30 to 45 
minute lag period in the accumulation of kynurenine (2), whereas 
in the latter, the rate of kynurenine formation is linear from the 
beginning of the incubation period (Fig. 1). _Hematin not only 
stimulates the tryptophan pyrrolase activity of normal liver cell 
sap, but abolishes the lag phase, suggesting than an increased 
iron porphyrin concentration might be responsible for both the 
increased tryptophan pyrrolase activity and the absence of the 
lag phase in liver cell sap from tryptophan-treated rats. The 
microsomal fraction of induced liver homogenates contains 20% 
more iron protoporphyrin than do normal microsomes, as shown 
in Table I. 

The level of activity of tryptophan pyrrolase in the cell sap 
and its response to microsomes at various periods of time after 
the administration of tryptophan is shown in Fig. 2. The same 
pool of normal microsomes was used throughout. The trypto- 
phan pyrrolase activity values were calculated from the slope of 
the linear portion of the kynurenine accumulation curves. Curve 
1 of Fig. 2 represents the changes in tryptophan pyrrolase ac- 
tivity of unsupplemented cell sap after tryptophan administra- 
tion. Curve 2 presumably indicates changes in the level of total 
enzymatic potential in the cell sap, inasmuch as the amount of 
microsomes added was chosen so as to give maximal stimulation. 
It can be seen that the magnitude of the effect of added micro- 
somes, i.e. the difference between Curves 2 and 1 diminishes after 
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Fig. 1. The effect of microsomes and hematin on liver cell sap 
tryptophan pyrrolase activity of tryptophan-treated rats. Liver 
cell sap pooled from 6 rats killed 2 hours after the administration 
of tryptophan (——) and from 6 normal rats (- - - -) was assayed 
alone (X), with 4 equivalents of microsomes derived from the 
same liver homogenate (O), and with 0.5 um hematin (@). At 
60 minutes, microsomes (@- - -@), and hematin (A- -—-A) were 
added to aliquots of liver cell sap from tryptophan-treated rats. 


tryptophan administration. At 2 hours (cf. Fig. 1), microsomes 
have no significant effect, indicating that the cell sap tryptophan 
pyrrolase has become fully saturated with respect to this ac- 
tivator. At 4 hours, the cell sap tryptophan pyrrolase is no 
longer fully saturated; the stimulatory effect of microsomes indi- 
cates the recurrence of latent enzyme. Curve 3 represents the 
amount of unsaturated or latent tryptophan pyrrolase activity 
relative to the total obtainable activity. It may be noted that 
the rapid rate of increase in total enzyme activity begins at the 
time when this curve is at its minimum, 1t.e. when there is a 
minimal amount of inactive enzyme. At the time when the rela- 
tive amount of inactive enzyme approaches normal values, 7.e. 
when the unsaturated state is restored, the total enzyme level 
declines rapidly. 

The lag phase observed during the assay was approximately 
30 to 45 minutes in the control preparations, insignificant at 1 
and 2 hours, and 10 to 15 minutes at 4 and 5 hours after trypto- 
phan administration. Thus, the lag phase again appears to be 
inversely related to the degree of saturation by the activator. 

Effects of Tryptophan on Tryptophan Pyrrolase in Vitro— 
Preliminary reports (5, 6) suggested that preincubation with 
tryptophan in vitro increases the level of tryptophan pyrrolase 
activity of liver homogenates. As illustrated in Fig. 3, however, 
the linear rate of kynurenine accumulation is not increased by 
preincubation with tryptophan, although the lag phase is abol- 
ished. Thus, due to the use of the 1-hour value as a measure of 
enzyme activity, the aforementioned studies showed an apparent 
increase in activity. Moreover, the apparent stimulatory effect 
of preincubation with tryptophan is even greater when compared 


TABLE I 
Effect of tryptophan in vivo on tron protoporphyrin 
content of rat liver microsomes 

For each experiment, microsomes were prepared from a pool 
of 3 normal rat livers and of 3 livers excised from rats 2 hours 
after tryptophan treatment. The microsomes were washed twice 
with 0.14 m KCl, quantitatively extracted with acid-acetone, and 
the iron protoporphyrin content was estimated spectrophoto- 
metrically (2, 4). 


| No. of Microsomal iron 

| experiments protoporphyrin 

mmoles/g liver* 

Tryptophan-treated........... 8 27.8 + 1.1 


*Mean + S.E. 
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Kynurenine/g liver/hr. 
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Fic. 2. Variations in the activity of cell sap tryptophan pyr- 
rolase and its degree of saturation with respect to the microsomal 
activator during the course of substrate induction. At each indi- 
cated time period after parenteral tryptophan administration, cell 
sap was prepared from the pooled livers of 6 animals and assayed 
for tryptophan pyrrolase activity in the absence (Curve 1) and 
presence (Curve 2) of 4 equivalents of normal liver microsomes. 
Each point represents the average of 3 to 5 replicate experiments. 
Curve 3 is obtained by dividing at each given time the difference 
in enzyme activity between Curve 2 and Curve 1 by that of Curve 2. 


to homogenates preincubated without tryptophan, since pre- 
incubation in the absence of tryptophan causes an actual de- 
crease in the rate of kynurenine formation during subsequent 
assay. 

The loss of activity caused by preincubation in the absence of 
tryptophan was further investigated (Table II). Cell sap and 
microsomes, alone and in combination, were preincubated with 
and without tryptophan. It can be seen from Table II that 
significant loss of activity occurs only when cell sap and micro- 
somes are preincubated together in the absence of tryptophan. 
This can be explained by a loss of microsomal activator, since 
cell sap, even when preincubated without tryptophan, responds 
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Minutes 

Fiac. 3. The effect of preincubation with and without trypto- 
phan on the tryptophan pyrrolase activity of normal rat liver 
homogenates. Aliquots of intact, isolated normal rat liver ho- 
mogenates were incubated for 30 minutes with (O——O) and 
without (@- — -—@) 0.003 m L-tryptophan before assay for trypto- 
phan pyrrolase. One aliquot was assayed without preincubation 
(X——X). 


TABLE II 
Effect of tryptophan in vitro on tryptophan pyrrolase’ - 
activity of liver cell sap-microsome system 

Cell sap and microsomes (Mc) were prepared from normal rat 
livers; the latter were suspended in buffer. These fractions were 
preincubated in the absence or presence of 0.003 m tryptophan for 
30 minutes at 37°, in combination or separately. In the latter 
case, they were combined before assay, and tryptophan was added 
to the appropriate flasks. 


Preincubation before assay 
Tryptophan pyrrolase activity 
Cell sap + Mc Tryptophan 
umoles kynurenine/g liver/hr 
Together Present 3.4 
Absent 0.8 
Separately Present 3.8 
Absent 3.2 


to the addition of microsomes, indicating that the enzyme itself, 
restricted to the cell sap, did not become inactivated. Con- 
versely, in the absence of cell sap, the microsomal activator is 
stable; even after preincubation without tryptophan, its stimu- 
latory ability is retained. 


DISCUSSION 


Tryptophan pyrrolase is one of the few mammalian enzymes 
in which activity can be significantly increased by the adminis- 
tration in vivo of its substrate. An increased extent of C"- 
amino acid incorporation in vivo into the liver proteins of such 
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“induced” animals has been observed (7-9); however, since 
liver tryptophan pyrrolase has not as yet been sufficiently puri- 
fied, the extent to which the observed increase in activity reflects 
augmented de novo synthesis of the enzyme molecule itself could 
not be ascertained. The usual admixture experiments (10), 
which we have confirmed, seemed to exclude the appearance of 
an activator or the removal of an inhibitor as the cause of this 
induction phenomenon. In the course of the present studies, 
however, the observation that the lag phase was abolished dur- 
ing the tryptophan pyrrolase assay of “induced”’ liver prepara- 
tions necessitated a re-examination of the possibility that tryp- 
tophan administration results in an activation of the enzyme. 
The results presented show that after parenteral tryptophan 
administration the tryptophan pyrrolase activity of liver cell 
sap becomes progressively more saturated with respect to its 
activator. Moreover, the microsomal iron protoporphyrin 
concentration increases and this, together with the fact that 
the iron porphyrin obtained from liver microsomes stimulates 
tryptophan pyrrolase activity (2), suggests that the increased 


activation of tryptophan pyrrolase in animals given injections 


of tryptophan is partially mediated through the increased iron 
porphyrin concentration of microsomes. The stimulatory ac- 
tion of intact microsomes from “induced”’ liver upon normal 
cell sap tryptophan pyrrolase activity in miro is not detectably 
greater than that of normal microsomes, but it may be that 
the turnover of microsomal material in vivo is such that a 20% 
rise in the concentration of iron protoporphyrin could be re- 
sponsible for the increased saturation of tryptophan pyrrolase. 
The failure to show increased activator concentration in “in- 
duced’’ cell sap by admixture experiments may be due to the 
fact that metalloporphyrins with a high affinity to certain soluble 
proteins (11) do not seem to exist in the free form necessary for 
activation of tryptophan pyrrolase of normal liver cell sap. 
The mechanism by which tryptophan administration brings 
about the activation of tryptophan pyrrolase is uncertain at 
present. Tryptophan can be shown, however, to affect the 
enzyme-activator relationship in vitro as well, in that it prevents 
the loss of activator which occurs when a microsome-cell sap 
mixture is incubated at 37°. In the absence of cell sap, the 
microsomal activator is stable even when tryptophan is not 
present. Presumably, some of the cell sap proteins, with a high 
affinity for metalloporphyrins, render the activator unavailable 
to tryptophan pyrrolase. The ability of tryptophan to prevent 
such a loss of activator may, if operating in vivo, be another 
factor increasing the saturation of tryptophan pyrrolase with 
respect to its activator. It can be seen that the increase in tryp- 
tophan pyrrolase activity in the first hour after tryptophan treat- 
ment can be accounted for by an increased activation of the 
enzyme. Between 2 and 5 hours after tryptophan administra- 
tion, the rise in tryptophan pyrrolase activity may reflect an 
actual increase in enzyme protein since the activity is signifi- 
cantly higher than that of the maximally stimulated “non- 
induced”’ liver cell sap. Thus, the activation process alone 
cannot account for the induction phenomenon. However, the 
fact that the total enzyme level begins to increase at the time 
when the enzyme originally present becomes fully saturated 
with activator and decreases when the enzyme returns to its 
relatively unsaturated state suggests a causal connection be- 
tween activation and rate of enzyme protein synthesis. If the 
metalloporphyrin activator functions as the prosthetic group of 
this enzyme (12), then it may be supposed that the substrate- 
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induced saturation with respect to this activator is equivalent 
to a decrease in free apoenzyme concentration, which in turn 
may provide the stimulus for increased tryptophan pyrrolase 
synthesis. Such a hypothesis suggests that the regulation of 
tryptophan pyrrolase activity associated with the intracellular 
translocation of a factor underlies the unusual ability of this 
enzyme to respond to the administration of its substrate by a 
rapid rise in total level. 


SUMMARY 


The mechanisms underlying the elevation of rat liver trypto- 
phan pyrrolase activity upon the intraperitoneal administration 
of tryptophan have been investigated. Tryptophan treatment 
caused an approximately 20% increase in the iron protoporphy- 
rin concentration of liver microsomes. Moreover, the initial 
rise in tryptophan pyrrolase activity caused by tryptophan 
treatment was found to be due to an increased degree of satura- 
tion of the enzyme with respect to an activator, contained in 
the microsomal fraction, and shown in the previous paper to 
have the characteristics of iron protoporphyrin. The time of 
full saturation coincides with the beginning of a rapid increase 
in total enzyme level. When the degree of saturation decreases 
to near normal values, the enzyme level begins to decline. 

The interaction between cell sap and microsomes, in vitro, 
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which renders the activator of tryptophan pyrrolase unavailable, 


is shown to be prevented by tryptophan. 
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During the process of metamorphosis of tadpoles into frogs, 
many biochemical as well as anatomical changes occur in prep- 
aration for terrestrial life. One of the most striking of these is 
the change from ammonotelism to ureotelism. Brown and Co- 
hen (1) have shown that the enzymes of the urea cycle start to 
increase in activity at the onset of metamorphosis. Paik and 
Cohen (2) found that thyroxine, which has long been known to 
promote anatomical metamorphosis (3, 4), induces a striking 
increase in the level of carbamy]l phosphate synthetase activity 
in the liver of tadpoles ahead of anatomical metamorphosis. 

It may be asked whether this observed increase in activity 
reflects synthesis de novo of carbamy! phosphate synthetase, or 
activation of a pre-existing “proenzyme.” The evidence pre- 
sented below, based on immunological and tracer studies, indi- 
cates that thyroxine induces a synthesis de novo of the enzyme. 


EXPERIMENTAL PROCEDURE 


Because of seasonal variations in the availability of biological 
materials, it was necessary to use two species of tadpoles during 
the course of these experiments: Rana catesbeiana and Rana clam- 
itans, the adult forms of which are both popularly known as 
“bullfrogs.”! The carbamyl phosphate synthetases of these 
species appear to be immunologically similar or identical, and 
the thyroxine-induced rise in the levels of carbamyl phosphate 
synthetase activity, described by Paik and Cohen (2), occurs to 
an approximately equal extent in both species and follows the 
same kinetics. The R. clamitans tadpoles had small hind limbs, 
but no buds of the fore limbs were visible. The R. catesbeiana 
tadpoles had neither hind nor fore limbs and therefore corre- 
sponded to a somewhat earlier stage of development. The tad- 
poles in both groups weighed from 3 to 5 g. 

Preparation of Antibody—Carbamy] phosphate synthetase was 
prepared from the livers of adult R. catesbeiana as previously de- 
scribed (5). Two rabbits were immunized by four subcutaneous 
injections of 8 mg of the enzyme in Freund’s adjuvant (6) at 
weekly intervals. The animals were exsanguinated on the 5th 
week and the y2-globulin fraction was isolated from the serum 
by the method of Nichol and Deutsch (7). It was dissolved in 


* This study was supported in part by grants from the National 
Cancer Institute, National Institutes of Health, United States 
Public Health Service (No. C-3571), and the Wisconsin Alumni 
Research Fondation. 

+t Aided by a scholarship from the John and Mary R. Markle 
Foundation. 

1 Tadpoles were purchased from the Carolina Biological Supply 
Company, Elon College, North Carolina and from the Lemberger 
Company, Oshkosh, Wisconsin. 
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a volume of 0.15 m NaCl equal to half of the original serum vol. 
ume. 

A nonlactating female goat, 4 years old and weighing 135 
pounds, was immunized by two subcutaneous injections, spaced 
1 week apart, of 70 mg of the enzyme in Freund’s adjuvant, 
Equal amounts of the suspension of the enzyme were injected in 
each of five sites. On the 3rd week, 70 mg, adsorbed on alumina 
gel, were injected intravenously. On the 4th week, 480 ml of 
blood were drawn from the jugular vein. The globulin fraction 
was precipitated from the serum by addition of ammonium sulfate 
to 50% saturation. The precipitate was then dissolved in and 
dialyzed against 0.15 mM NaCl. The final volume was 70% of the 
original serum volume. 

Precipitin Reaction—The quantitative precipitin reactions were 
performed essentially according to the procedure of Heidelberger 


and Kendall as outlined in Kabat and Mayer (8). Increasing | 
amounts of antigen were added to 0.1 ml of the y-2-globulin frac- 
tion in a total volume of 0.5 ml containing 0.15 m NaCl and - 
0.02 m Tris-HCl pH 7.5 in serological tubes. The tubes were — 
incubated for 30 minutes at 37°, then overnight in the refrigera- | 
tor. The precipitate was removed by centrifugation and washed 
three times with 0.5 ml of 0.15 m NaCl. The washed precipitate 
was dissolved in 1.0 ml of 0.01 n NaOH and analyzed for protein 
by the method of Lowry (9). The frog enzyme gave only 80% 
of the color of the rabbit y-globulin fraction with the Lowry 
method, and the precipitates contained from 25 to 50% antigen 
on a weight basis. Therefore, the optical density readings could 
not be accurately converted to amount of protein and are re- 
ported as units of optical density. 

Isolation of Carbamyl Phosphate Synthetase from Tadpole 
Livers—The livers (100 mg per tadpole) were minced with a 
scissors and then homogenized in 9 volumes of isotonic KCl ina 
glass homogenizer. The preparation was centrifuged at 5500 X 
g for 15 minutes. The supernatant layer, which contained the 
microsomal and soluble fractions of the cell, was decanted and 
saved to be pooled with the other ‘“non-carbamy] phosphate 
synthetase’’ fractions of: the livers. The residue was suspended 
in the original volume of isotonic KCl and again subjected to 
centrifugation. The washings were added to the previous super- 
natant fraction. The residue was washed again as above. 

The washed residue was warmed quickly to room temperature 
and then thoroughly dispersed in 1.0 ml of a 0.1% aqueous solu- 
tion of CTB? at room temperature. Water (1.0 ml) at 0° was 
added, and the preparation was quickly cooled in an ice bath. ' 


The abbreviation used is: CTB, cetyltrimethylammonium 
bromide. 
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The suspension was then centrifuged for 10 minutes at 22,000 x 
g. The supernatant solution was decanted into a graduated 
centrifuge tube, and 0.05 ml of Tris-HCl, 0.5 m, pH 7.5 was 
added. The residue was extracted with 2.0 ml of cold water 
and centrifuged as above. The supernatant solution was com- 
bined with the previous extract. Preliminary studies showed 
that additional extractions failed to remove any additional car- 
bamy] phosphate synthetase activity from the residue; therefore, 
the pooled extracts, prepared as described above, were considered 
to contain virtually all the carbamy]l phosphate synthetase ac- 
tivity originally present in the liver. The residue remaining was 
dispersed in 2 ml of water and transferred quantitatively to the 
tube containing the “non-carbamy]l phosphate synthetase pro- 
tein.’ Sodium chloride (5.0 m) was added to the pooled extracts 
to give a final concentration of 0.15 mM. The supernatant mate- 
rial from the second extraction was often turbid. When tur- 
bidity was present, the pooled extracts were clarified by centrif- 
ugation for 20 minutes at 22,000 x g after the addition of NaCl. 
An aliquot (0.5 ml) of the pooled extracts was removed for the 
assay of carbamyl phosphate synthetase (5). Sufficient goat 
antibody was added to the remainder of the pooled extract to 
insure an excess. The tubes were incubated for 10 minutes at 
37°, during which time the precipitate, which started to form 
immediately, flocculated. Incubation was then continued for 
10 minutes at 0°. The precipitate was removed by centrifuga- 
tion. No enzymatic activity remained in the supernatant fluid. 
Furthermore, no precipitate formed with normal goat globulin, 
and there was no loss of enzymatic activity in its presence. 

Injection of Tadpoles with Radioactive Leucitne—Uniformly la- 
beled leucine-C'* was purchased from Nuclear-Chicago Corpora- 
tion and had a specific activity of 5 to 7 we per umole. The 
tadpoles were anesthetized by immersion for 1 hour in 5% 
ethanol at 4°. Each animal was then treated by intraperitoneal 
injection with 0.025 ml of leucine-C4 dissolved in isotonic NaCl. 
This dose contained 0.05 umole of L-leucine and corresponded to 
72,500 c.p.m. The injected tadpoles were then transferred to 
beakers of water at 4° and warmed to 22° over a period of 1 hour. 

Preparation of Protein for Measurement of Incorporated Radio- 
activity—The protein in the antigen-antibody precipitate was 
washed with 2.0 ml of isotonic NaCl. The washings were found 
to be virtually devoid of radioactivity. The precipitate was 
dissolved in 1.0 ml of 0.01 m NaOH. Two ml of 0.1 m nonradio- 
active leucine in 0.1 Nn NaOH were added, followed by 1.0 ml of 
40% trichloroacetic acid. The protein was recovered by cen- 
trifugation and was washed twice with 4 ml of cold 5% trichloro- 
acetic acid and once with 4 ml of 95% ethanol. The protein 
was then dissolved in a small volume of concentrated HCl and 
transferred quantitatively to a weighed plastic-coated planchet. 
The latter was dried at 70°. Two drops of concentrated NH,OH 
were then placed on the planchet, and the protein, dispersed with 
the aid of a fine glass rod, was distributed over a predetermined 
area. The planchet was dried, weighed, and assayed for radio- 
activity with a thin mica window Geiger-Miiller counter. In 
cases in which self-absorption was appreciable, corrections were 
applied from an empirical self-absorption curve prepared from a 
radioactive protein sample. The data are also corrected back to 
the original amount of pooled extract before removal of an ali- 
quot for enzyme assay. 

Trichloroacetic acid (40%) was added to the pooled “non- 
carbamyl phosphate synthetase” fractions to give a final con- 
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centration of 5%. The protein was washed by a slight modifica- 
tion of the method of Siekevitz (10) and was then dissolved in 
concentrated HCl. A suitable aliquot was assayed for radio- 
activity as above. 

Thyroxine Treatment—The tadpoles were treated with thy- 
roxine by the addition of thyroxine solution (pH 12.0) to the 
water to give a final concentration of 2.6 x 10-* m and pH of 
7.4 (2). 


RESULTS AND DISCUSSION 


In order to determine whether the increase in the activity of 
carbamyl phosphate synthetase represented an increase in the 
actual amount of enzyme, it was necessary to have a method for 
determining the amount of enzyme protein. The precipitin 
reaction lends itself to an assay of this sort if it can be estab- 
lished that the reaction is specific for the protein under considera- 
tion. The following experiment demonstrated this to be the 
case for the reaction of the rabbit antibody with liver extracts 
of frog carbamyl phosphate synthetase. 

The washed residue of adult frog liver was prepared by the 
method described for the residue of tadpole liver in ‘““Experimen- 
tal Procedure.’’ This was extracted twice with a volume of 0.1% 
CTB equal to 3 times the weight of the liver. The second extract 
contained twice the enzymatic activity of the first. The pre- 
cipitin reaction for purified frog carbamy] phosphate synthetase 
with the rabbit antibody is plotted in Fig. 1, together with the 
reaction of this antibody with the second CTB extract described 
above. The equivalence zone, in which neither antigen nor 
antibody could be detected in the supernatant fluid, occurred at 
11 yg of antigen-N. Through the equivalence zone the two 
curves are superimposable if the CTB extract is considered to 
have contained 50% of its nitrogen in the form of carbamy] 


1 
20 25 30 35 
ANTIGEN-N GuG) 

Fic. 1. The precipitin reaction of purified frog carbamy] phos- 
phate synthetase and of a CTB extract of the washed residue of 
adult frog liver with rabbit antibody to frog carbamyl phosphate 
synthetase. The total amount of protein precipitated, deter- 
mined by the Lowry method (9) and expressed as optical density 
units for the reason explained in the text, is plotted against the 
amount of antigen-N added. The latter was determined by 
micro-Kjeldahl analysis. 
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TABLE I 


Immunological assay of carbamyl phosphate synthetase tn extracts 
of tadpole livers before and after treatment with thyroxine 

Washed residue was prepared as described in ‘‘Experimental 
Procedure’’ from livers of tadpoles before treatment with thy- 
roxine and 16 days after treatment when the fore limbs had begun 
to appear and the carbamy] phosphate synthetase activity had 
reached a maximal value (2). The residue was extracted two 
times with a volume of 0.1% CTB equal to 3 times the weight 
of the liver. The two extracts were combined. An excess of 
antibody was present in each case. The procedure for the pre- 
cipitin reaction is described in ‘‘Experimental Procedure.’’ The 
amount of enzyme-N present in the precipitate was determined 
from the standard curve presented in Fig. 1. 


g enzyme- 
Ali flE Enzyme-N| Enzyme-N/ /ml 
precipitate enzyme /ml 
ml units ug ug 
None 0.10 0.100 0.8 8.0 
0.20 0.200 1.5 7.5 7.8 
0.40 0.400 3.2 8.0 
Thyroxine 0.010 0.417 1.0 100 
0.020 0.234 1.8 90 8.0 
0.030 0.351 2.8 93 
0.040 0.468 3.7 92 


phosphate synthetase. The same was true for the first ex- 
tract, on the assumption that it contained 23% carbamy] phos- 
phate synthetase. Furthermore, through the equivalence zone 
no enzymatic activity could be detected in the supernatant fluid. 
Therefore, the precipitin reaction of a CTB extract of the washed 
residue of the liver with this antibody preparation was con- 
sidered a valid method for assaying for carbamy] phosphate syn- 
thetase. The fact that slightly more precipitate was formed in 
the antigen excess region with the CTB extract than with the 
purified enzyme indicates the presence of antibodies to impurities 
in the enzyme preparation used for the immunization. 

This procedure was used to determine the amount of carbamy] 
phosphate synthetase in the livers of tadpoles before and after 
metamorphosis under the influence of thyroxine. The results 
are presented in Table I. It can be seen that the analysis for 
carbamy] phosphate synthetase agrees reasonably well at several 
levels of antigen, and that the ratio of enzyme-N determined 
immunologically to the enzymatic activity is the same for the 
extract from the livers of tadpoles before metamorphosis as for 
that from the livers of the tadpoles after thyroxine-induced 
metamorphosis, although the amounts of enzyme differed by a 
factor of 10. The extracts contained 137 and 196 yg of nitrogen 
per ml, respectively. Although this result suggests synthesis 
de novo of the enzyme during metamorphosis, it is still possible 
that the increase in carbamyl] phosphate synthetase might be the 
consequence of the activation of an immunologically different, 
enzymatically inactive precursor. 

To test this possibility, the incorporation of leucine-C™ into 
carbamyl] phosphate synthetase during metamorphosis was stud- 
ied. The results presented in Fig. 2 show that a large increase 
in the incorporation occurred as a result of exposure of tadpoles 
to thyroxine. This increased incorporation could not be inter- 
preted as a general increase in protein anabolism, since the ‘‘non- 


Thyroxine-Induced Synthesis of Carbamyl Phosphate Synthetase 


Vol. 236, No. 


carbamyl phosphate synthetase” fraction of the liver showed no 
significant change in the incorporation of leucine during the 
course of the thyroxine treatment. It is, of course, possible that 
thyroxine stimulated the incorporation into proteins other than 
carbamy] phosphate synthetase. However, if this were the cage, 
it is clear that any such stimulation which may have occurred 
was masked by a much larger amount of incorporation which 
was not affected by thyroxine, at least under the conditions of 
this experiment. 

If the large increase in the activity of carbamy] phosphate syn- 
thetase on treatment of tadpoles with thyroxine were due to an 
‘“‘unmasking” of a precursor of the enzyme, no increase in in- 
corporation would be expected. Clearly the observed increase 
in incorporation is not in harmony with notion of an inactive 
precursor protein, and taken in conjunction with the immuno- 
logical data, it establishes with reasonable certainty that the 
increased enzymatic activity observed during treatment with 
thyroxine represents synthesis de novo of carbamyl phosphate 
synthetase. 

It can be seen from Fig. 2 that the increase in the incorporation 
of leucine-C" in the presence of thyroxine proceeded without the 
lag which is seen in the curve of carbamy] phosphate synthetase 
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Fic. 2. The effect of thyroxine on incorporation of C'*-leucine 
into carbamy] phosphate synthetase and the remaining liver pro- 
tein. Each determination reported represents four animals ex- 
cept that of 14 days preincubation which represents two animals. 
R. clamitans tadpoles were preincubated 1, 2, 3, 4, 6, 9, and 14 
days at 22-23° in water containing L-thyroxine (0.02 ug per ml). 
They were then treated by injection with leucine-C" as described 
in “Experimental Procedure,” and the incubation in thyroxine 
was continued for 22 hours. Control animals, which had not 
been preincubated in thyroxine solution, were similarly injected 
and were then placed in water to which no thyroxine had been 
added. They are designated as having 0 days of preincuba- 
tion. Theisolation of carbamyl phosphate synthetase and the 
determination of radioactivity incorporated are described in Ex- 
perimental Procedure.’”’ @——®@, counts incorporated into car- 
bamyl] phosphate synthetase per tadpole; §J——H®, counts X 107 
incorporated into ‘‘non-carbamyl phosphate synthetase” pro- 
tein per tadpole; © - - - O, units of carbamy! phosphate synthe- 
tase per tadpole. 
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activity. It can be seen that the increase in the incorporation of 
leucine-C“ in the presence of thyroxin proceeded without the 
lag which is seen in the curve of carbamy! phosphate synthetase 
activity. This might be explained by the fact that the incor- 
poration of radioactivity is a measure of the rate of enzyme 
synthesis, and as such, constitutes a much more sensitive cri- 
terion of increased enzyme synthesis than does periodic estima- 
On the other hand, 
it is also possible that this difference in lag period is due to in- 
creased turnover of the enzyme without concomitant net syn- 
thesis. 

Some incorporation of radioactivity into the enzyme occurred 
even in the absence of exogenous thyroxine and was inhibited 
by thiouracil (see Fig. 3). Although the radioactivity incor- 
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Fic. 3. The effect of thiouracil on the incorporation of C1*- 
leucine into carbamyl phosphate synthetase and the remaining 
liver protein. R&R. catesbeiana tadpoles were preincubated for 1, 3, 
and 5 days at 22-23° in water containing thiouracil (0.5 mg per 
ml). They were then treated by injection with leucine-C™ as 
described in ‘‘Experimental Procedure’”’ and returned to the thio- 
uracil solution for 22 hours. A control group of tadpoles was 
treated similarly except that thiouracil was omitted from the 
water before and after injection. The isolation of carbamyl 
phosphate synthetase and the determination of the radioactivity 
incorporated are described in ‘‘Experimental Procedure.’’ Each 
determination represents six animals. A counter was used with 
4 times the efficiency of that used in the experiment recorded in 
Fig. 1. @——@, counts incorporated into carbamyl phosphate 
synthetase per tadpole; counts incorporated into 
the remaining liver protein per tadpole; O --- O, units of car- 

bamyl phosphate synthetase per tadpole. 
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porated into carbamy] phosphate synthetase in the absence of 
exogenous thyroxine was small, the apparent inhibition by thio- 
uracil is considered to be significant. The same result was ob- 
tained in two separate experiments. Furthermore, this effect of 
thiouracil was not due to a general inhibition of incorporation of 
leucine into proteins. It has previously been reported that thio- 
uracil inhibits the anatomical metamorphosis of tadpoles (11) 
and the thyroxine-stimulated increase in carbamyl phosphate 
synthetase activity (2). Although the inhibition of thyroxine 
biosynthesis by thiouracil is well known, evidence is available 
from unpublished studies in this laboratory (Paik and Cohen) 
that thiouracil is incorporated into tadpole liver ribonucleic acid. 
The inhibitory effect of thiouracil on the turnover and synthesis 
of carbamyl phosphate synthetase is thus considered to be due 
either to the inhibitory effect of a “faulty” specific ribonucleic 
acid or to the failure to synthesize the specific ribonucleic acid 
required. 


SUMMARY 


The increase in the activity of carbamy] phosphate synthetase 
induced by thyroxine in tadpole liver is accompanied by a paral- 
lel increase in the protein precipitable by antibody to frog car- 
bamyl phosphate synthetase and also by an increase in the 
incorporation of radioactive leucine into this enzyme. These 
data are interpreted to mean that thyroxine induces the synthe- 
sis de novo of the enzyme. 
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It has been reported previously that the synthesis of the M- 
protein antigen of group A hemolytic streptococci is dependent 
upon the products of enzymatically hydrolyzed protein (2). 
This latter material, of which both dialyzable peptides and non- 
dialyzable polypeptides are active constituents, is required in 
addition to glucose and free amino acids for the resynthesis of 
M-protein by nonproliferatmg streptococci previously denuded 
of that somatic antigen by the action of trypsin. In the present 
report, in addition to new observations concerning the M-protein, 
several other streptococcal proteins, streptolysin O and protein- 
ase, have been examined in the light of the above observations. 
These two antigenic proteins can also be synthesized by non- 
proliferating streptococci provided the reaction mixture in which 
the cells are suspended contains peptides, free amino acids, and 
glucose. The role of peptides has been examined in experiments 
in which various C'-labeled substrates were incorporated into 
antigenic proteins which were isolated and assayed for’ radio- 
activity and enzymatic or antigenic specificity. 


EXPERIMENTAL PROCEDURE 


Methods 


Streptococci—The strain of group A, type 14 hemolytic Strep- 
tococcus used for the synthesis of the M-protein and streptolysin 
O was that previously described by Fox and Krampitz (2). The 
streptococci used for the demonstration of proteinase synthesis 
were those described by Elliott (3), and Ogburn et al. (4).! 

Casein Peptides—Vitamin-free casein (Nutritional Biochem- 
icals Corporation) was purified according to the method of Dunn 
(5). A solution containing 1% purified casein was adjusted to 
pH 8 with NaOH and 1 part crystalline trypsin was added for 
each 60 parts of casein. The solution witha few drops of toluene 
was incubated at 37° for 24 hours. After the period of enzy- 
matic hydrolysis, the solution was adjusted to pH 4.5 and heated 
at 100° for 10 minutes. The precipitate that formed after heating 


* This work was supported by a research grant (H-2391) from 
the Allergy and Infectious Disease Institute, United States Public 
Health Service. A preliminary report was presented at a meeting 
of the Federation of American Societies for Experimental Biology 
(1). 

+ Senior Investigator of the Arthritis and Rheumatism Founda- 
tion. Present address, University of Chicago, LaRabida Insti- 
tute, and Department of Microbiology, Chicago, Illinois. 

1 The author wishes to thank Dr. T. N. Harris for his strain H44 
and Dr. R. M. Krause and Dr. R. C. Lancefield for their culture 
of Elliott’s original Streptococcus strain 5797. 


was discarded and the solution adjusted to pH 7.0 and dialyzed 
for 18 hours against distilled water. The nondialyzable fraction 
was concentrated to a small volume by pervaporation and then 
lyophilized. Approximately 60% of the casein was recovered 
as a water-soluble white powder. 

C'4-Labeled Peptides—Protein isolated from Escherichia cok 
grown on a mixture of acetate-1-C™ and 2-C was enzymatically 


— 


hydrolyzed to obtain a mixture of polypeptides randomly labeled 


with 


shaker. The peptides were prepared from the bacterial protein 
as follows. The washed cells were combined with a large volume 
of cells grown in the same nonradioactive medium. A heavy 
suspension of the cells in saline was exposed to sonic oscillation 


in the Raytheon 10 ke. apparatus for 60 minutes. The suspen- — 


sion was then frozen and thawed three times and added to 10 
volumes of cold acetone containing 20% methanol. The pre- 
cipitated material was washed four times in that volume of sol- 
vent to remove the lipid fraction. To a 2% suspension of the 
dried acetone powder in saline was added crystalline RNase, and 
after 90 minutes at 37° crystalline DNase and MgCl, to 0.01 
M were added for an equal period of time (2 mg of enzymes per 
g of acetone powder). The suspension was centrifuged at 10,000 
x g for 60 minutes. The precipitate was washed and the com- 
bined supernatant solutions were dialyzed in large volumes of 
saline for 18 hours. A 1% solution of protamine sulfate was 
added dropwise to the dialyzed material until no further pre- 
cipitate formed. The latter was removed by centrifugation 
and discarded. The supernatant solution was cooled to 0° and 
ammonium sulfate was added to 0.8 saturation. The precipi- 
tated protein was dissolved in a small volume of saline and di- 
alyzed in distilled water until there were no detectable sulfate 
or chloride ions in the dialyzing water. The pH of the nondi- 
alyzable portion was adjusted to 8.0 with NH,OH and crystal- 


line trypsin (1 part per 200 parts of protein) was added. The | 


solution was incubated at 37° for 24 hours with a few drops of 
toluene and then heated at 100° for 15 minutes. A slight pre- 
cipitate was discarded and the clear solution was lyophilized to 
dryness. The resulting enzymatic hydrolysate was a white 
powder, readily soluble in water; 350 mg were obtained from 
5.5 g of the original acetone powder. The peptides thus pre- 
pared were free of nucleic acid; a solution (1 mg per ml) was 
negative when tested with the standard orcinol reagent (7). The 
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The medium described by Szulmajster et al. (6) con- 
taining sodium acetate as the source of carbon was inoculated — 
with FE. coli strain W. The organisms were grown in a volume — 
of 100 ml aerobically in a sealed 1-liter flask at 30° on a rotary | 
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peptides exhibited spectrophotometric absorption typical of pro- 
teins or their hydrolysates, with an absorption maximum at 278 


my. 

VU -Protein and Acid-insoluble Cellular Residue—The following 
modification of the procedure previously used for the demon- 
stration of M-protein synthesis by whole streptococcal cells (2) 
was employed. Streptococci harvested from 1 liter of a 12-hour 
culture in Todd-Hewitt broth (Difco) were suspended in 200 ml 
of 0.01 m NaHCO; containing 5 mg of crystalline trypsin. The 
suspension was incubated 30 minutes at 37°. The cells, then 
devoid of all serologically detectable M-protein, were washed 
twice in buffered saline and dispensed into reaction mixtures at 
standardized optical densities measured in a Klett colorimeter 
at 660 mu. A reference curve was prepared which related optical 
densities to quantities of cells in units of dry weight. After a 
suitable incubation period at 37° the cells were removed from 
the reaction mixture by centrifugation. Streptolysin O was 
assayed from this supernatant solution. The M-protein antigen 
resynthesized by the trypsinized cells was assayed by the cap- 
illary precipitin technique of Swift et al. (8) after solubilization 
of the antigen at 100° in dilute HCl by the method described in 
a previous communication (2). A neutralized solution of the 
solubilized M-antigen was partially purified by several ethanol 
precipitations at 0° according to the method of Lancefield (9) 
for the ‘fractional precipitation and recovery of the M-protein 
in the presence of the C-carbohydrate antigen. After the ex- 
traction of the M-protein in hot acid the cellular debris was re- 
covered and washed three times in saline, once in distilled water, 
and then dried with acetone.. The acetone powders were sus- 
pended in 0.1 N NaOH and 0.5-mg aliquots were plated on steel 
planchets for radioactivity determinations of the acid-insoluble 
cellular residue. Details are presented in the text for the puri- 
fication of newly formed M-protein for the assessment of isotope 
incorporation. 

Streptolysin O synthesis was assayed by a modified procedure 
of Rantz and Randall (10) with standardized antistreptolysin 
0(11). Proteinase formation was measured by the milk clotting 
assay of Elliott (3). Protein concentration was estimated by 
the method of Lowry et al. (12). Radioactivities were deter- 
mined with a Nuclear-Chicago Micromil window counter. The 
methods for preparing samples for counting are given in the 
text. The various isotopically labeled compounds and algal 
protein hydrolysate were purchased from the Volk Radio Chem- 
ical Co. Acid-hydrolyzed casein (referred to in the text as casein 
amino acids) was supplied by the Nutritional Biochemicals Cor- 
poration. 


RESULTS 


Peptide Requirements for M-Protein and Streptolysin O Synthe- 
sis—Trypsinized type 14 streptococci were used for the simul- 
taneous assay of M-protein and streptolysin O. Various pep- 
tidic substances were added to the basal reaction mixture de- 
scribed in Table I. After an incubation period of 3 hours at 37° 
the cells were removed by centrifugation, extracted with hot 
acid to obtain the M-protein, and the supernatant solution was 
assayed for hemolytic activity. Maximal synthesis of the two 
antigens was obtained with a minimal concentration of casein 
peptides of 0.3 mg per ml. Polypeptides obtained by partial 
acid hydrolysis of purified casein were inactive, as was gluta- 
thione. Partial stimulation was obtained with a mixture of 


asparagine and glutamine, as well as with a highly purified syn- 
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TaBLeE 
Peptide requirements for M-protein and streptolysin O synthesis 
Trypsinized streptococci were suspended at a concentration of 
1 mg (dry weight) per ml in 50 ml of reaction mixture containing 
0.5 g of glucose, 0.5 g of casein amino acids, and 0.04 m K-PO,, 
pH 7.0. 


Todd units 
Synthesized 
mg/ml 
Casein peptides (enzy- 
L-Glutamine.............. 0.3 
+ +++ 41 
L-Asparagine............... 0.3 
Synthetic pentapeptidef..... 0.4 ++ 20 
Casein peptides (acid){.... 0.4 + <5 
Glutathione................ 0.4 + <5 
* See ‘‘Methods.”’ 


1 The author is indebted to Drs. R. B. Merrifield and D. W. 
Woolley for a gift of the synthetic pentapeptide Ser.His.Leu.Val. 
Glu. (13). 

¢} Vitamin-free casein samples were partially hydrolyzed (4 g 
per 100 ml, 1.0 n HCl) for periods of 60 and 120 minutes at 120°. 
The product was decolorized with Norit, the acid was removed 
in a vacuum and the water-soluble material was lyophilized. 
Neither sample was active in the above system. 


thetic pentapeptide. The latter substance, synthesized by Mer- 
rifield and Woolley (13), had been shown to have a high strepo- 
genin growth factor activity for lactic acid bacteria. 

As was previously demonstrated with M-protein (2), strep- 
tolysin O synthesis by nonproliferating cells was dependent upon 
the presence of glucose and casein amino acids as well as the 
enzymatically produced polypeptides. The concentrations of 
the casein amino acids and glucose were in excess for optimal 
protein synthesis. During the course of these and subsequent 
experiments there was no significant change in the optical density 
of the cell suspensions. 

Proteinase Synthesis—The synthesis of proteinase by nonpro- 
liferating cells of selected strains of group A streptococci was 
observed. After an incubation period of 7 hours at 37°, the 
cells were removed by centrifugation and the reaction mixture 
was adjusted to pH 8.0 with 1.0N NaOH. A solution of trypsin 
containing 100 wg per ml was added to the reaction mixture to 
give a final trypsin concentration of 1 wg per ml to activate the 
proteinase precursor. The solution was incubated at 37° for 
15 minutes and then serially diluted. An equal volume of ho- 
mogenized fresh milk containing 0.1 mM sodium thioglycollate was 
added to each tube of diluted reaction mixture and the tubes 
were incubated at 37°. Coagulation of the milk was observed 
over a period of 4 hours.?. The results of the proteinase (pre- 
cursor) syntheses are presented in Table II. These data clearly 
demonstrate an inflexible requirement not only for peptides but 
also glucose and casein amino acids. It may be seen that the 
amount of precursor formed was approximately proportional to 


2 A preparation of crystalline proteinase precursor was prepared 
from strain 5797 according to the method of Elliott (3). The pre- 
cursor, when activated with cysteine, coagulated milk within 90 
minutes at a concentration of 0.4 ug per ml. 
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TaBLeE II 


Requirements for proteinase synthesis by 
nonproliferating streptococci 


of 
reaction 
Tube number Reaction mixture* ture con 
4 hours 
mg/ml 
1 Casein peptidesf............... 5.0 
Casein amino acids............ 10.0 
2 Casein peptides...... 1.0 
Casein amino acids............ 10.0 
3 Casein peptides................ 0.2 
Casein amino acids............ 10.0 
4 Same as No. 1 + chloramphe- 
5 Casein amino acids............ 10.0 
6 Casein peptides................ 5.0 
Casein amino acids............ 10.0 0 
7 2.0 
Casein amino acids............ 10.0 
8 Glycyl-L-asparagine.......... 0.5 
Casein amino acids............ 10.0 


* Each tube contained the above constituents in 10 ml of 0.04 
M K-PO,. Streptococci (strain H44) were added to a concentra- 
tion of 1.5 mg (dry weight) per ml. The pH of the reaction mix- 
ture was maintained at 6.0 with 1.0 n NaOH added at hourly 
intervals. 


t See ‘‘Methods.”’ 


TaBLe III 


Incorporation of C'4-labeled amino acids and peptides 
into M-protein 


M-protein 
antigen- 
Flask* Streptococci Source of isotope antibody 
precipi- 
tatet 
1 Trypsinized..... Algal protein acid hydroly- 
sate, 4.8 X 105 c.p.m./ml 
of reaction mixture (0.5 
mg total) 1300 
2 Not trypsinized..; Same as 1 680 
3 Trypsinized..... E. coli peptides 7.8 * 103 
c.p.m./ml of reaction mix- 
ture 75 
q Not trypsinized..| Same as 3 0 


* Each flask contained 50 ml of 0.04 m K-POx,, pH 7.0, 0.5 g of 
glucose, 250 mg of casein amino acids, 3 mg of crystalline soybean 
trypsin inhibitor, 15 mg of casein peptides or E. coli peptides, and 
50 mg (dry weight) of cells. 

t Aliquots of 200 ug of the solubilized antigen-antibody pre- 
cipitate (see text for details of procedure) were plated on stainless 
steel planchets. Average of 3 aliquots from each preparation; 
the triplicate samples were within 5% of the mean value. 


the concentration of peptides. In contrast to the case with M. 
protein or streptolysin O, asparagine and glutamine did not gyb. 
stitute in part for the casein peptides. Similar results were ob. 
served with strain 5797; however, slightly less proteinase was 
produced under the given conditions. 

Specific Recovery of M-Protein by Antibody Precipitation—Sey. 
eral techniques were employed to demonstrate protein synthegis 
de novo. Trypsinized cells were suspended in a reaction mixture 
containing radioactive amino acids or peptides. The M-protein 
which was resynthesized during a 3-hour incubation period was 
extracted from the cells and twice precipitated from solution by 
cold ethanol. The partially purified antigen was then precipi. 
tated with type-specific antiserum and the antigen-antibody 
precipitate was washed in cold saline according to the methods 
suggested by Kabat and Mayer (14), dissolved in 0.05 m NaOH 
and plated on planchets for radioactive counting. Table II] 
summarizes the data of an experiment designed to demonstrate 
that partially purified M-protein, synthesized de novo by tryp- 
sinized cells, contained considerably more isotope than the M.- 
protein from cells not previously trypsinized to remove the ex- 
isting M-protein. The total amounts and serological titers of 
the M-protein recovered were approximately the same from the 
cells of each flask. It may be seen that counts from both free 
amino acids from labeled algal protein hydrolysate and counts 


from labeled peptides from enzymatically degraded EF. coli pro- © 


tein were incorporated into the M-protein. Additional evidence 
for the utilization of peptides was obtained from several exper- 
ments in which aliquots of the labeled peptides were treated 


with nitrous acid. These deaminated peptides were inactive in | 


the biological system, but when added simultaneously with un- 
treated nonradioactive peptides, the M-protein was synthesized 
by trypsinized streptococci. Relatively little radioactivity could 
be detected in the isolated M-protein or cellular debris in the 
latter experiments. 

Peptide Stimulation of Radioactive Amino Acid Uptake—Not 
only did peptides stimulate the synthesis of the M-protein, 
streptolysin O, and proteinase, but the peptides also augmented 
the extent to which lysine-C™ was incorporated into nonspecific 
cellular protein (Table IV). A series of three flasks containing 
100 ml of reaction mixture and trypsinized streptococci at 4 
concentration of 1 mg (dry weight) per ml were incubated with 
radioactive lysine plus the various constituents listed in Table 
IV. At the conclusion of a 3-hour incubation period at 37° 
(during which time 1.0 n NaOH was added at hourly intervals 
to maintain the pH at 7), the cells were removed and washed. 
the M-protein was extracted from the cells and partially purified 
by alcohol fractionation and the cellular debris was thoroughly 
washed as described under “Methods.” An aliquot of the re- 
action mixture was titrated to determine the amount of strep- 
tolysin O released into the medium, and to 50 ml of the remainder 
was added a “‘6-test” vial of lyophilized commercial streptolysin 
O (Difco). The solution was chilled to 0° and ammonium sul- 
fate was added to 0.8 saturation to precipitate the total excreted 
soluble protein and streptolysin O. The precipitate was dis- 
solved in 5 ml of water and dialyzed against successive large 
volumes of water for 24 hours. The dialyzed protein was ly- 
ophilized to dryness, dissolved in 0.1 m NaOH (10 mg per ml) 
and spread on planchets for radioactive counting. The data 
Table IV demonstrate that the casein peptides increased both 
the quantity of M-protein and the specific activity of that pro- 
tein as well as the total activity of the insoluble cellular residue 
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TaBLE IV 
_ Lysine-2-C™ incorporation into streptococcal proteins 

The complete reaction mixture contained 1 g of glucose, 1 g of 
casein amino acids, 60 mg of casein peptides, 6 mg of crystalline 
soybean trypsin inhibitor, 40 wmoles of L-arginine, 20 umoles of 
L-tryptophan, 20 umoles of L-cysteine, 20 umoles of MgCle, and 
50 mg (dry weight) of trypsinized cells in 100 ml of 0.04 m K-PO,, 
pH 7.0. pL-Lysine-2-C'* (13 wmoles), 7.7 X 10‘ c.p.m. per ml of 
reaction mixture was added; this was in addition to approxi- 
mately 500 umoles of lysine present in 1 g of casein amino acids. 
Three aliquots from each protein fraction were taken for radio- 
active counting; the triplicate samples were within 5% of the 
mean value. 


Radioactivity of protein 
Reaction mixture ‘Strepto- 
M-protein formed M-_ {Cellular 
Protein | residue |. -reted 
protein 
c.p.m./ | c.p.m./| total 
még még C.p.m. 
Complete......... 166 500 | 1010 | 1000 
Peptides omitted. . ++ 83 351 670 | 820 
Complete + chlor- 
amphenicol 10 


after extraction of the M-protein. In addition, the total amount 
of streptolysin O synthesized in the presence of peptides was 
considerably higher. Results similar to these were also obtained 
with glycine-2-C* and pDL-leucine-2-C" as the sources of isotope. 

Purification of M-Protein and Further Evidence for Synthesis 
de Novo—It was necessary to obtain pure preparations of M- 
protein synthesized by trypsinized streptococci to evaluate ac- 
curately the extent of isotope incorporation. The procedures 
of specific antibody precipitation or partial fractionation of the 
M-protein heretofore presented are obviously subject to criticism 
concerning their capacity to exclude nonspecific radioactive con- 
tamination. Consequently, a chromatographic method (Fig. 1) 
was developed in this laboratory by D. C. Gillespie (15) which 
improved upon the original technique of Fox and Krampitz (16) 
for the separation of the M-protein from nucleic acids and ex- 
traneous protein. In the revised technique a double-layered 
column of 6 parts of carboxymethyl (CM) cellulose (Brown 
Company), 0.6 meq per g, was overlayed with 1 part of Amberlite 
XE-64 (Rohm and Haas) resin and the column was equilibrated 
with 0.03 m sodium acetate buffer, pH 4.0. The sample in a 
small volume of saline was applied and washed once with an 
equal volume of the acetate buffer. The column was eluted at 
5° with 0.03 m K-PO,, pH 7.0. Nucleic acids with bound ex- 
traneous protein appeared in the initial hold-up volume of buffer. 
As the pH of the effluent tended toward 7, the serologically 
active M-protein eluted in a sharp symmetrical peak,*® preceded 
by several small broader peaks of serologically inactive protein. 
The pooled fractions of M-protein represented approximately 
00% of the initial total protein. 


* The absorbancy of the purified nucleic acid-free M-protein at 
260 mu (Fig. 1) was caused by small amounts of aromatic amino 
acids within the protein. The ratio of the absorbancies at 260 
and 280 mz was approximately 1.0 with purified M-protein solu- 
tions from this type 14 strain (15). 


E. N. Fox 


169 


In an experiment to determine the extent of incorporation of 
radioactive amino acids into newly synthesized M-protein, 100 
ml of the reaction mixture of Table IV were prepared containing 
75 mg (dry weight) of trypsinized cells and 3.9 10‘ c.p.m. per 
ml of totally labeled algal protein acid hydrolysate. The M- 
protein antigen was extracted from the streptococci after the 3- 
hour incubation period and precipitated twice with cold ethanol. 
Approximately 6 mg of the crude M-protein were applied to a col- 
umn scaled 3-fold to that described in Fig. 1. The effluent M- 
protein had a specific activity of 1300c¢.p.m. permg. An analysis 
of the material by paper electrophoresis at pH 6.5 is presented 
in Fig. 2. The solvent systems of pyridine, acetic acid, and 
water at pH 3.6 and 6.5 have been described by Ryle e¢ al. (17). 
Strips cut from similar sheets while still damp were eluted with 
saline. Only the intense spot opposite the peak of the tracing 
of radioactivity was serologically active. This material repre- 
sented approximately 75% of the applied protein. These ana- 
lytical procedures indicated that all the radioactivity was asso- 
ciated with that single serologically active M-protein fraction. 
At pH 3.6 the material was more diffuse on the paper, although 
the radioactivity again was limited to one band containing the 
M-protein. 


5 
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Fic. 1. A column, diameter of 0.8 em, was packed with 10 cm 
of carboxymethyl (CM) cellulose and 1.7 ecm of XE-64 resin was 
layered above. A sample of 1.5 mg of partially purified M-protein 
in water was applied. Elution of the system at 5° was at a rate 
of 3 ml per hour; fractions were collected in volumes of 2ml. Ali- 
quots of effluent solution were neutralized and assayed for protein 
content, ultraviolet absorption, and serological activity. 


Fig. 2. Electrophoretic separation with the Beckman model R 
system of M-protein on Whatman No. 3 paper, pyridine-acetic 
acid buffer, pH 6.5, 90 minutes, 450 volts (constant); with radio- 
activity scanning pattern (Chromatogram Scanner, model RSC- 
5A, Atomic Accessories, Inc.). The paper strips were sprayed 
with ninhydrin (17) and the developed spots were outlined with 
pencil to facilitate photographic reproduction. 
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DISCUSSION 


Evidence is presented which indicates that peptides derived 
from the tryptic digestion of casein and bacterial protein are 
stimulatory or, in the case of proteinase, requisite for protein 
synthesis by nonproliferating suspensions of hemolytic strepto- 
cocci. The question arises whether the necessity for peptides 
for proteinase synthesis is caused by the induction of that enzyme 
by hydrolyzable substrates. Several pieces of experimental data 
seem to indicate that this is not the case. Ogburn et al. (4) grew 
strain H44 in a chemically defined medium (which contained no 
peptides) and produced proteinase. Their experiments differed 
from the present ones with resting cells in that the organisms 
were growing in a steady-state condition maintained by a chemo- 
stat; vitamins, purines, and pyrimidines were supplied. Another 
point which supports the argument for the constitutive nature 
of proteinase synthesis is the proportionality of the dose response 
between peptide concentration (which ranged up to 5 mg per ml) 
and proteinase synthesis. This magnitude of response to pep- 
tides seems to be more in keeping with their use as substrates 
than as inducers. 

The experiments with isotopically labeled peptides imply that 
these are utilized in protein synthesis, although the data do not 
prove that they are incorporated intact. The action of chlor- 
amphenicol in inhibiting the formation of the M-protein, strep- 
tolvsin O, and proteinase is one of the criteria of synthesis de 
novo. These proteins can be detected only in trace amounts in 
cell-free extracts of trypsinized streptococci. 

The experiments in which the activities of enzymatically pre- 
pared protein hydrolysates have been compared with partially 
acid-hydrolyzed casein, asparagine, glutamine, and a pentapep- 
tide seem to indicate that glutamine and asparagine residues 
within the peptide chains may be responsible for a portion of 
their biological activity. Analogous to these results are the ob- 
servations of Rychlfk and Sorm (18, 19), who have demonstrated 
a stimulatory effect of peptides on the synthesis in vitro of pro- 
teases in mouse pancreas tissue. In this case also, glutamine, 
asparagine, and their peptides, as well as peptic digests of crys- 
talline chymotrypsin, proved to be more efficacious than partial 
acid hydrolysates of the latter enzyme protein. 

The relationship of the active peptides discussed in this report 
to various strepogenin (20, 21) peptides is not clear. The latter 
substances have a minimal chain length of five residues (13) and 
to stimulate the growth of microorganisms these apparently do 
not require an amide group on aspartic or glutamic acid. Strep- 
ogenin peptides thus far have been studied mainly as growth 
factors for various strains of lactic acid bacteria, and specific 
properties similar to those presented in this report have only 
recently (19) been demonstrated. As yet there is no evidence 
that the larger nondialyzable peptides from casein digests are 
identical in function to these smaller peptide growth factors. 
Several explanations have been advanced to explain the mech- 
anism of growth stimulation by peptides. Woolley‘ is of the 
opinion that peptides with strepogenin activity function as che- 
lators for the transport of divalent ions across cell barriers. Ki- 
hara and Snell (22, 23) found evidence that the amino acids 
alanine and leucine are competitive growth inhibitors of glycine 
and isoleucine, respectively, for Lactobacillus mesenteroides and 
that this inhibition may be overcome if the latter amino acids 
are supplied as dipeptides such as glycy]-L-isoleucine. The au- 


*D. W. Woolley, personal communication. 
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thors attempt to explain the activity of strepogenin solely og 
the basis of an ability to alleviate the competition of individug| 
amino acids in penetrating the cellular barriers. This competi. 
tive phenomenon, however, is demonstrated with selected straing 
of lactic acid bacteria and may not necessarily be a general o¢. 
currence among the many organisms that respond in growth to 
peptides. The data presented in this report do not preclude 
either of the above mechanisms but add evidence to the hypothe. 
sis that peptides may participate in a more direct manner ip 
protein synthesis. | 

Although isotopic incorporation experiments with labeled pep. 


tides do not necessarily demonstrate their direct participation — 


in a synthetic process, there are a number of recent observations 
in favor of the possibility of peptide intermediates in protein 
synthesis. Evidence for the nonuniform labeling of hemoglobin 
in vitro in reticulocytes in a medium containing labeled glycine 
or phenylalanine has been published by Kruh et al. (24, 25), 
Previous to that Vaughan and Anfinsen (26) were able to show 
that ribonuclease and insulin, synthesized in vitro, were non- 
uniformly labeled by various radioactive amino acids supplied 
to the reaction mixture. 

In systems other than microbial, various reports have appeared 
presenting evidence for peptide incorporation into proteins, 


Medvedev and Chiang-hsia (27) studied the synthesis of proteins _ 
in plant tissue and have indirect evidence for the uptake of C4. | 
labeled peptides from protein hydrolysates, based on the greater _ 
extent of turnover of the latter substances when compared to — 
complete acid hydrolysates. Sissakian (28) has measured gly- | 
cine-C" incorporation into the proteins of silkworm body fluids. 


His data, based on rates of incorporation of isotope from free © 
amino acids and coelomic fluid peptides, have indicated to that — 
author that peptides are intermediates in the synthesis of silk- : 


worm protein. 


The only solution to the question of peptide participation in | 


protein synthesis will be accomplished, obviously, by the demon- 


- stration of the appearance of labeled peptides in protein synthe- — 


sized de novo with the labeled precursors in their original sequence. 


SUMMARY 


1. The synthesis of three specific group A streptococcal pro- | 


teins, the M-protein, streptolysin O, and proteinase, in nonpro- 
liferating cell suspensions, is stimulated by the presence of pep- 
tides from enzymatically digested protein. In addition to the 
peptides, free amino acids and glucose as an energy source must 
be supplied in the reaction mixture. 
no synthesis can be demonstrated in the absence of peptides. 


2. Peptides stimulate the incorporation of counts from radio- | 
active amino acids into M-protein, streptolysin O, and the acid | 
The process is inhibited by chloram- — 


insoluble cellular residue. 
phenicol. 

3. Radioactive peptides supply radioactivity to newly formed 
streptococcal proteins; the implications and possible mechanisms 
of peptide stimulation of protein synthesis are discussed. 


Acknowledgment—It is a pleasure to thank Dr. L. O. Krampits 
for his interest and advice throughout the course of this research. 
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Many lactic acid bacteria that normally require vitamin Be 
grow in the absence of this vitamin if all of the L-amino acids 
found in a complete protein are supplied together with p-alanine 
(2,3). The amount of p-alanine required to permit growth under 
these conditions is frequently substantially larger than the 
amount actually utilized by the cells. For example, with Lacto- 
bacillus caset 20 wg of p-alanine were required for a cell yield of 
approximately 100 ug, and these cells contained only 1% of D-ala- 
nine (3). The cells do not destroy p-alanine, and hence must 
utilize it very inefficiently. In the cases in which such inefficient 
utilization of amino acids has been observed previously, appro- 
priate peptides containing the amino acid frequently are more 
effective in promoting growth than the free amino acid (1, 4). 
We present here some comparisons of the relative growth-pro- 
moting activities of pD-alanine and certain of its peptides for 
Streptococcus faecalis. Although several of these peptides were 
more effective than D-alanine in promoting growth, each of these 
was hydrolyzed by the cells. Studies with tritium-labeled pep- 
tides showed that the enhanced activity of the utilizable peptides 
as compared to D-alanine correlated with their more rapid uptake 
from the growth medium by resting cells. 


EXPERIMENTAL PROCEDURE 


Synthesis of p-Alanyl-p-alanine, p-Alanyl-t-alanine, and t-ala- 
nyl-p-alanine—The D- and L-isomers of N-phthaloylalanine were 
prepared by fusing equimolar amounts of D- or L-alanine with 
phthalic anhydride at 170° until gas evolution had ceased (about 
12 minutes). Prolonged heating was avoided to minimize race- 
mization. The cooled solidified products were recrystallized 
from aqueous ethanol. N-Phthaloyl-p-alanine was obtained in 
85% yield, m.p., 145-147° (corr.), [a]? = +26.9° (5.4% in eth- 
anol). N-Phthaloyl-L-alanine also was obtained in 85% yield, 
m.p., 145.5-147.5° (corr.), [a]? = —26.3° (3% in ethanol). For 
the L-isomer Fischer (5) found a melting point of 150—-151° and 
la]? = —17.8 (10% in ethanol). 

The peptides were prepared by condensing the appropriate 
N-phthaloy] derivative with p- or L-alanine by the mixed anhy- 
dride method of Vaughan and Eichler (6) with the use of ethyl 
chlorocarbonate. The N-phthaloylalanylalanines could not be 
obtained in crystalline form. The crude products were sub- 
jected to hydrazinolysis to remove the phthaloyl group by the 
method of Sheehan and Frank (7). The peptides were purified 


* Supported in part by a grant from the United States Public 
Health Service. For paper [X of this series see (1). 
+t Present address, Sonoma State Hospital, Eldridge, California. 


by absorption on a Dowex 50 (H+) column and elution with 05 
N hydrochloric acid. They were eluted from the column before 
and well separated from frée alanine. The fractions containing 
the peptides were freed of hydrochloric acid by passage through 
a column of IR-45 resin in the basic form (7). After concentra- 
tion of the solutions to small volume, individual peptides were 
crystallized from the solution by addition of ethanol, then were 
washed with ethanol and dried for analysis. The properties and 
yields of the final products are listed in Table I. 

Tritiation of p-Alanine and its Peptides—Tritiation by the 
Wilzbach technique (10) and removal of exchangeable tritium 


were carried out by the U. 8. Nuclear Corporation, Burbank, | 


California, under conditions shown in Table II. 
crude tritiation products were dissolved in water and checked by 
one-dimensional paper chromatography in two different solvents 
for ninhydrin-reactive zones. With each sample except sample 
three, a single ninhydrin-reactive spot was observed correspond- 
ing in Rp value to the unlabeled compound. Despite this fact 
several of the samples showed almost no activity in the scintilla- 
tion counter, a result found due to quenching impurities in the 
crude irradiation products. Sample three failed to react with 
ninhydrin, showing that it had been destroyed completely by the 
tritiation process. 

Purtfication of the Tritium-labeled Compounds—Separate solu- 
tions containing 50 mg of each labeled compound were streaked 
along the origin of sheets of Whatman 3MM paper 17 x 0 
inches. The chromatograms were developed overnight by the 
ascending technique with butanol-acetic acid-water (4:1:1) as 
solvent. Test strips were cut from each sheet and sprayed with 
ninhydrin to locate the desired compounds; the remainder of each 
sheet then was trimmed carefully in this region to yield a narrow 
band containing the labeled compound. These strips were then 
eluted with water, and the eluates were evaporated to dryness 
in a vacuum desiccator. Each residue was dissolved in 0.5 ml 
of water, centrifuged, and crystallized from the supernatant solu- 
tion by the slow addition of absolute ethanol as follows: D-ala- 
nine, 0.5 ml; D-alanylglycine 4.5 ml; p-alany]-p-alanine, L-ala- 
nyl-p-alanine, and p-alanyl-L-alanine 4.5 ml followed by 5.0 ml 
of absolute ether. The crystalline precipitates were centrifuged 
out and washed first with absolute ethanol, then with absolute 
ether, and dried. A small sample (20 ug) of each purified com- 
pound was spotted onto individual strips of Whatman No. | 
paper together with the same amount of unlabeled compound and 
chromatographed in butanol-acetic acid-water (4:1:1) or py" 
dine-water (4:1). The dried chromatograms were examined in 
a strip scanner (Nuclear-Chicago Actigraph in conjunction with 
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, windowless D-47 gas flow tube). The pD-alanyl-p-alanine- 
ralanyl-D-alanine, and D-alanylglycine showed a single radio, 
active zone. The strips were then sprayed with ninhydrin. A 
single ninhydrin-reactive spot was obtained, which corresponded 
exactly in each case to the location of the radioactivity. This 
coincidence was accepted as evidence of purity, and the com- 
pounds were then used for uptake studies. 

Strip chromatograms of the once-chromatographed and crys- 
tallized D-alanine and D-alanyl-L-alanine showed some radioactiv- 
ity not coincident with the ninhydrin-reactive zone. These two 
compounds were further purified by chromatography on What- 
man 3MM paper with a second solvent, pyridine-water (4:1), and 
crystallization as before. Strip chromatograms of the products 
showed a single radioactive and ninhydrin-reactive zone in each 
ease. The yields and specific activities of the final purified prod- 
ucts are given in Table II. 

Extent of Racemization during Tritium Labeling—A sample of 
tritiated D-alanine after chromatographic purification with bu- 
tanol-acetic acid-water as solvent, showed [a]? = —12.5 (2.5% 
inl n HCl). The rotation of a sample of unlabeled p-alanine 
under the same conditions was —13.5°. The results show that 
little, if any, L-alanine was present in the purified product. Rac- 
emization of the peptides at a single asymmetric center should 
greatly exceed racemization at both asymmetric centers, and 
would produce a diastereomer separable from its parent by paper 
chromatography (Table I). For example, p-alanyl-p-alanine 
would give rise predominantly to D-alanyl-L-alanine and L-ala- 
nyl-p-alanine. No separation of diastereomers was observed on 
chromatography in pyridine-water (4:1); hence it was concluded 
that the purified tritiated peptides were optically pure. 

Growth Studies—Transfers from stab cultures of S. faecalis 
8043 were grown in 6 ml of the basal medium supplemented with 
100 ug of p-alanine per ml. After 20 hours of incubation at 37°, 
the cells were collected by centrifugation, washed three times 
with water and diluted to 25 ug (dry weight) per ml. One drop 
of this suspension was used to inoculate each assay tube of 6 ml. 

The basal medium was that described by Steele et al. (11) 
modified by omission of DL-alanine and vitamin Be, by reduction 
of the glucose to 2.5 g, and by addition of 50 mg of t-alanine, 
both per 100 ml of double-strength medium. Samples of test 
compounds were diluted to 3 ml with water and 3 ml of the dou- 
ble-strength medium were added. Assay media were autoclaved 
at 121° for 6 minutes, then cooled, inoculated, and incubated at 
37°. Growth was estimated photometrically at 650 my with a 
Bausch and Lomb Spectronic 20 colorimeter and cell yields were 
determined from a predetermined calibration curve relating the 
weight of the dry cells to the absorbancy of the culture. 

Preparation of Cell-free Extracts—Preliminary experiments 
were conducted with p-alanyl-L-alanine as substrate to determine 
optimal conditions for obtaining cell extracts with maximal pep- 
tidase activity. The following procedure was_ eventually 
adopted. Cells grown in 200 ml of the inoculum medium for 22 
hours were washed twice with water and once with aqueous 
(1.15%) KCl, then resuspended in water at a density of 50 mg 
perml. The suspension (4 to 6 ml) was placed in a 15-ml cellu- 
lose nitrate tube which was floated in 50 ml of water in the cup 
of a Raytheon 10 ke. sonic oscillator and treated for 45 minutes. 
The cell debris was removed by centrifugation at 35,000 x g for 
15 minutes at 0°. Peptidase activity of such extracts was stable 


to storage for 1 week in the frozen state; longer periods of storage 
Were not tested. 
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TABLE I 
Yields and comparative properties of the alanylalanines 
Specific rotation in water RaAlanine 
Compound 1- | Sol- 
Observed, Literature, vent vont 
% 
p-Alanyl-p- 
alanine..... 34 |+20.7° (2.8%) 1.54/1.20 
L-Alanyl-.L- 
alanine?..... —21.6° (5%) (8) (|1.55)1.24 
p-Alanyl-.L- 
alanine...... 29 |—72.1° (0.9%) —68.5° (8.7%) (9)|1.44/1.05 
L-Alanyl-p- 
alanine..... 31 |+71.5° (2.5%) +68.9° (7.4%) (9)|1.44/1.00 
Inactive 
alanylala- 
nine’........ 1.42)1.01 
pL-Alanine.... 1.00)1.00 


¢Solvent 1, n-butanol-acetic acid-water (4:1:1); Solvent 2, 
pyridine-water (4:1). 

’ Kindly supplied by the late Professor H. O. L. Fischer from 
the Emil Fischer collection. 


TaB_eE II 
Conditions of tritiation and yields of purified tritiated peptides 
Conditions 
tritiation® 
Sample Compound Amount Yield | Specific activity 
At- 
Days 
pheres 
1 | p-Alanine........ 500 | 28; 1.5) 61¢ 113 | 7.42 
2 | p-Alanyl-p-ala- 
100 28 1.5) 764 983 | 36.0 
3 | p-Alanyl-L-ala- 
100 , 28 | 1.5 
4 | t-Alanyl-p-ala- 
100 | 28;1.5 484 | 1555 | 56.9 
5 | p-Alanylglycine..; 100 | 281.5) 784 682 | 25.0 
6 | pv-Alanyl-.-ala- 
100 80¢ 92 | 3.37 


¢ 2 to 3 Curies of tritium were employed for each sample. 

> Counting efficiency = 7.7% (see text). 

¢ Yield, based on crude product, after butanol-acetic acid- 
water purification followed by pyridine-water purification (see 
text). 

4 Yield, based on crude product, after butanol-acetic acid-water 
purification (see text). Average of two separate batches. 

* See text. 


Determination of Peptidase Activity—Whole cells (2.5 mg) or 
an equivalent amount of cell-free extract (0.05 ml) were incubated 
for 2 hours at 37° in a medium containing 0.05 m substrate, 0.01 
M Tris buffer, pH 8.25, 0.25 m KCl, 10-*? m MgSQO,, and 3 x 10-5 
M cysteine in a final volume of 0.2 ml. Peptidase activity was 
determined by converting the p-alanine liberated to pyruvic acid 
by the action of crude sheep kidney D-amino acid oxidase. The 
keto acid was determined colorimetrically as its 2 ,4-dinitrophen- 
ylhydrazone by procedures previously described (12, 13). As 
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reported by Robinson et al. (14), certain peptides of D-alanine 
were split slowly by the p-amino acid oxidase preparation. Of 
those tested here, only L-alanyl-p-alanine was split significantly 
by the oxidase preparation. Suitable blanks were always in- 
cluded and the values for peptidase activity of the bacterial 
preparations were corrected accordingly. é 

Uptake of Labeled Peptides by Resting Cells—To permit com- 
parison of uptake and growth studies, the concentration of tri- 
tiated peptide employed in the uptake studies was purposely held 
to levels approximating those that permit one-half maximal 
growth in growing cultures. Washed cells prepared as described 
above were suspended in water at a density of 2.5 mg per ml. 
Cells (0.5 mg) and tritiated substrate (40 mumoles) in a final 
volume of 1.0 ml of uptake medium! were incubated for 15 min- 
utes at 37° in 15-ml cellulose nitrate tubes, then chilled in an 
ice bath, and centrifuged at 40,000 x g for 15 minutes at 0°. 
The supernatant fluid was poured off and the adhering moisture 
inside the tubes was removed by swabbing without righting the 
tubes. The cells were washed once by resuspending in 1.0 ml of 
the cold uptake medium, and again centrifuging, decanting, and 
swabbing as described above. The cells were then suspended in 
0.5 ml of water, transferred to the counting vials, and the tubes 
were rinsed twice with 0.5 ml of water. The cell suspension and 
rinsings in the vials were frozen in a dry ice-acetone bath, then 
lyophilized in a vacuum desiccator. The lyophilized cells were 
suspended in 1 ml of 1 mM Hyamine (OH7- form) in methanol and 
10 ml of scintillator phosphor (0.3% diphenyloxazole and 0.01% 
1 ,4-bis-2’(5’-phenyloxazolyl)benzene in toluene) were added. 
The vials were placed in the deep freeze (—8°) of the counter 
for 1 hour or longer before counting. The samples were counted 
with a Packard Tri-Carb liquid scintillation spectrometer Model 
314-DC at 1090 volts with the pulse height discriminator window 
set at 10-90 volts for at least 4 cycles of 10 minutes per sample. 
A cell blank was used to check for quenching, and cells plus 
tritiated toluene of known specific activity were used to de- 
termine counting efficiency. Addition of tritiated toluene to 
counted samples and recounting resulted in quantitative re- 
covery of the added toluene in every instance tested. A count- 
ing efficiency of 7.7% was obtained. 


RESULTS 


Growth Promotion by Peptides of p-Alanine—The compara- 
tive growth response of S. faecalis to D-alanine and its peptides 
is shown in Fig. 1. At half-maximal growth, both p-alany]-t- 
alanine and p-alanylglycine are 3 times as active as free D-ala- 
nine. However, growth with p-alanylglycine reaches a plateau 
before maximal growth is achieved and hence its activity relative 
to that of p-alanine declines rapidly at higher concentrations. 
The other peptides tested, D-alany]-p-alanine, L-alany]-p-alanine, 
and p-alanylglycylglycine, were completely inactive. Since p- 
alany]-p-alanine has been isolated in this laboratory from cells of 
S. faecalis grown with p-alanine (15), it obviously is synthesized 
by the cells, and hence its inactivity in supporting growth was 
unexpected. Further tests showed that the compound not only 
is inactive as a sole source of D-alanine for growth, but also does 
not spare the requirement for p-alanine (Fig. 1). 


1Two uptake media were used. The first consisted of the 
Salts A and B solutions of the basal medium at the same concentra- 
tion used in the latter plus 0.1% glucose, at pH 7.0. The second 
was the complete single-strength basal medium used for growth 
studies. 


Peptides of p-Alanine and Growth of S. faecalis. 
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Fic. 1. The comparative growth response of S. faecalis to p. 
alanine and several of its peptides. In the experiment indicated 
by the broken line, a constant suboptimal level of D-alanine (0.094 


umole per ml) was supplied to each culture together with variable _ 
amounts of p-alanyl-p-alanine as indicated. Incubation time, . 


16 hours. 


Peptidase Activity and Uptake of Tritiated Compounds—The 
peptidase activity of whole cells and of cell-free extracts of §. 
faecalis is tabulated in Table III. Only the two peptides that 
supported growth were hydrolyzed. If, as appears likely from 
this result, hydrolysis to their component amino acids occur 


before utilization, the superiority of the peptides to p-alanine in | 
supporting growth must reflect differences in metabolism before | 
One point at which such differences can be observed | 
is in the uptake process, i.e., appropriate peptides of an amino | 


hydrolysis. 


acid may be absorbed more rapidly and extensively than the 
free-limiting amino acid itself (16, 17). Initial comparisons of 


the uptake of p-alanine and of its peptides by S. faecalis were | 
conducted in a salts-glucose medium, and were incompatible with | 
p-Alany]-t-alanine and 
alanylglycine, which promoted growth at lower concentrations | 


the growth findings (Table III). 


than p-alanine, were absorbed to an extent only one-half and 


one-third, respectively, that of the free amino acid. Since, how- | 
ever, uptake of one compound may be affected profoundly by | 
the presence of other compounds, uptake of the peptides was | 


determined from a medium of the same composition as that used 
for the growth studies. Since the cells used are 22 hours old 


TABLE III 
Hydrolysis and uptake of peptides of v-alanine by S. faecalis 
Hydrolysis by: by of 
Compound 
Whole ang Salts- Growth 
cells entunat glucose medium 
mmoles 
mumoles/mg cells® 
hour/mg cells 
p-Alanyl-t-alanine.............. 28 98 6.2 2.8 
L-Alanyl-p-alanine.............. 0 0 6.6 1.8 
p-Alanyl-p-alanine.............. 0 0 0.20 | 0.20 
p-Alanylglycine................ 2 40 4.2 1.0 
p-Alanylglycylglycine........... 0 2 


* Fifteen-minute absorption period; see text. 

> The observed count in this instance (85 c.p.m.) was only 130% 
of the background (65 c.p.m.); in other cases the observed count 
ranged from 2.2 to 85 times the background. 
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and are in the lag phase, no detectable growth occurred during 
the 15-minute interval over which uptake was measured. Up- 
take of each of the compounds tested was reduced greatly under 
these conditions (Table III). The uptake of p-alanine was re- 


~ duced the most, and under these conditions was substantially 


less than that of the two active peptides. L-Alanyl-p-alanine, 
though not utilized for growth, is absorbed from both suspension 
media; D-alanyl-D-alanine is absorbed poorly if at all. 

When L. caset was allowed to accumulate hydrolyzable pep- 
tides of labeled glycine or of alanine, all of the label extractable 
from the cell was present as free amino acid, showing that all of 
the accumulated peptide was hydrolyzed (16, 17). By precisely 
similar methods of radiochromatography it was found that, after 
exposure of cells of S. faecalis to tritiated D-alany]-L-alanine, all 
of the radioactivity extracted from the cells by boiling water was 
present as free alanine. When the same procedure was applied 
to cells exposed to L-alanyl-p-alanine, only the unchanged peptide 
could be detected in the cell extracts.2, The results are those to 
be expected from the data of Table IIT, and show that the pepti- 
dase activities found in cell extracts accurately reflect in this 


- instance the activities that exist in the intact cells. 


DISCUSSION 


Numerous instances are now known in which peptides supply 


limiting amounts of an essential amino acid to an auxotrophic 
- microorganism more efficiently than equimolar amounts of the 
| free amino acid (e.g., 4, 18, 19). 


We have emphasized that such 
eficient utilization does not imply utilization of the peptide 


} without intracellular hydrolysis, as some investigators have as- 
- sumed (20); indeed, in almost all cases tested such peptides are 
hydrolyzed readily by the cells (4, 18, 19). 
the results were best explained by assuming existence of inde- 
_ pendent mechanisms for the active uptake of amino acids and of 


In many instances 


peptides by the cell. Preferential uptake of the peptide followed 
by its hydrolysis would then suffice to explain the growth result 
(4,21). The existence of such independent active uptake mech- 


. anisms for glycine, for L-alanine, and for certain peptides of these 


amino acids in L. caset has recently been demonstrated (16, 17). 
The present results provide an interesting instance of how opera- 
tion of similar systems in S. faecalis affects observed growth re- 
sults. From consideration of Table III and Fig. 1 it is clear that 
only those peptides of p-alanine that are hydrolyzed by resting 
cells or by cell extracts can replace p-alanine in the nutrition 
of S. faecalis. However, the superiority of the peptides to the 
free amino acid as a source of D-alanine for growth appears to 
result from the fact that these peptides are absorbed from the 
growth medium more readily than the free amino acid. It is 
noteworthy that both the order of absorbability and the extent 
of absorption of the tritiated substrates from the growth medium 
differ markedly from those found in a simple salts-glucose me- 
dium. We ascribe these differences to differential inhibition (or 
saturation) of the uptake mechanisms involved by other amino 
acids present in the growth medium but not in the salts-glucose 
medium. Such inhibition of uptake of one amino acid by an- 


_*For these experiments the scale of the uptake studies was 
increased 10-fold. After chromatography, the strip chromato- 
grams were cut into small segments which were eluted with water. 
e eluates were dried preparatory to scintillation counting. 
Tritiated p-alanine and L-alanyl-p-alanine, added to a hot water 
mi of — cells, were carried through the same procedure 
ntrois. 
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other has been postulated frequently in growing cultures (e.g. 
4, 22) and has been demonstrated to occur in resting cells of 
L. caset (16, 17) and of Escherichia colt (23). 

Although t-alany]-p-alanine is actively absorbed by the cells 
it cannot be hydrolyzed and hence is not utilized for growth, but 
accumulates intracellularly in a form extractable as the free pep- 
tide by boiling water. With the growth-promoting peptide, 
p-alany]-L-alanine, none of the intact peptide could be found 
in cell extracts; only the hydrolytic products could be found. 
Intermediate cases, not so far observed, in which the peptide is 
accumulated rapidly but is hydrolyzed slowly so that both pep- 
tide and hydrolytic products are found presumably also can 
occur. 

The failure of p-alanyl-p-alanine either to replace p-alanine 
for growth or to spare the requirement for this amino acid is of 
special interest. This compound was first isolated from tri- 
chloroacetic acid extracts of S. faecalis grown with p-alanine-C', 
and is thus synthesized by the cell (15). More recently, the 
peptide has been shown to be synthesized in cell-free extracts of 
Staphylococcus aureus as an apparently obligatory intermediate 
in the synthesis of a nucleotide precursor of the cell wall (24). 
All of the p-alanine of the cell wall is not present in this sequence 
(cf. the occurrence of esterified p-alanine in the teichoic acids 
(25)), and since the peptide is not hydrolyzed by the cell, it is 
readily understandable why it cannot serve as a sole source of 
p-alanine for growth. Its failure to spare the requirement for 
D-alanine, however, was more surprising and appears from the 
present data to result from the failure of the cells to absorb the 
compound in amounts consonant with other growth processes. 

Finally, the synthetic work described herein reveals an interest- 
ing early case of a stereospecific synthesis of alanylalanine from 
pL-alanine. The inactive alanylalanine of Table I is shown by 
its chromatographic behavior to be a racemic mixture of p- 
alanyl-L-alanine with L-alanyl-pD-alanine. This conclusion is 
supported by the fact that it showed one-half the growth-pro- 
moting activity of p-alany]-L-alanine for S. faecalis. The sample 
is stated’ to have been prepared by the hydrolysis of pL-alanine 
anhydride, which in turn was prepared by heating pt-alanine 
ethyl ester in a closed tube (26). This would indicate that the 
formation of pi-alanine anhydride from pt-alanine ethy] ester is 
an essentially stereospecific reaction wherein no L, L- and D, D- 
isomer are formed since the anhydride was isolated in 82% yield 
(27) and the pure dipeptide in 60% yield from the anhydride 
(26). 


SUMMARY 


p-Alanylglycine, D-alanyl-L-alanine, L-alanyl-p-alanine, and 
p-alanyl-D-alanine were synthesized by standard methods and 
examined for their ability to serve as sources of D-alanine for 
growth of Streptococcus faecalis. pv-Alanylglycine and p-alanyl- 
L-alanine were approximately three times as active in this ca- 
pacity as equimolar amounts of D-alanine; L-alany]-p-alanine and 
p-alanyl-p-alanine were inactive. The active peptides were hy- ~ 
drolyzed by cell suspensions and by cell-free extracts; the inac- 
tive peptides were not attacked. 

The synthetic peptides and p-alanine were labeled with tritium 
and purified by paper chromatography and crystallization. 


3 Private communication from the late Professor H. O. L. 
Fischer, who supplied the sample from the collection of Emil 
Fischer. 


| 

1s—The 

sof | 

ly from 

occurs } 

before | 

bserved 

1 amino 

an the 

sons of 

as were 

with 

and D- | 

rations | 

alf and 

e, how- 

idly by 

at used 

urs old | 

faecalis 

itiated 

from: 

Growth 
medium 

cells® 

| 

2.8 

1.8 

0.20 | 

10 | 

y 130% | 


176 


There was no evidence of racemization of the purified compounds. 
Resting cells of S. faecalis absorbed the peptides from a salts- 
glucose solution in the order pD-alanine > L-ala-p-ala = p-ala- 
L-ala > D-ala-gly > pD-ala-p-ala. The extent of absorption of 
each of the labeled compounds from the growth medium was 
substantially reduced by the presence of the amino acids of this 
medium, and the order was changed as follows: pD-ala-L-ala > 
L-ala-D-ala > D-ala-gly > D-ala > D-ala-p-ala. Thus both pep- 
tides that exceeded p-alanine in growth-promoting activity were 
absorbed from the growth medium more readily than p-alanine. 
These findings support strongly the view that (a) to serve as a 
sole source of an essential amino acid for growth a peptide must 
be hydrolyzed by the cell; (6) the growth-promoting activity of 
hydrolyzable peptides may be greater than, equal to, or less than 
that of the free limiting amino acid they supply, depending upon 
whether the two independent processes of absorption and hy- 
drolysis supply the limiting amino acid to the cell at a rate greater 
than, equal to, or less than that at which the free amino acid 
can be absorbed from the medium. 
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Dimethylglycine and sarcosine are metabolized stoichiomet- 
rieally by phosphate-washed mitochondria from liver in the 
absence of added cofactors through the following consecutive 
reactions (1-4): 

formaldehyde 


Dimethylglycine — sarcosine + active formaldehyde 


formaldehyde 
glycine + active formaldehyde — serine 


The oxidative demethylation reactions can account for the oxi- 
dation of two-thirds of the methyl groups entering the body as 
choline and betaine, and are important mechanisms for the gen- 
eration of active one-carbon compounds. Moreover, the methyl 
group of methionine is converted to the methyl carbon of sar- 


cosine in the intact animal (5), presumably by way of the one- | 


carbon cycle (4). 

The present paper describes the solubilization of mitochondrial 
sarcosine dehydrogenase and dimethylglycine dehydrogenase by 
sonic oscillation, the partial purification of these enzymes, and 
their dependence on a mitochondrial flavoprotein for the trans- 
fer of electrons to 2,6-dichlorophenolindophenol, or to mito- 
chondrial electron transport particles and oxygen. Our results 
have been presented in a preliminary report (6). Other inves- 
tigators have presented preliminary reports on the extraction of 
sarcosine dehydrogenase and dimethylglycine dehydrogenase 
from mitochondria by solutions of digitonin (7) and from mito- 
chondrial acetone powders with buffers (8, 9). The enzymatic 
conversion of sarcosine and dimethylglycine to formaldehyde 
was first observed in 1941 by Handler, Bernheim, and Klein in a 
washed liver sediment (10). 


EXPERIMENTAL PROCEDURE 


Preparation of Mitochondria—Adult male and female rats of 
the Sprague-Dawley or Holtzman strain were anesthetized with 
chloroform and exsanguinated through the portal vein. The 
livers were removed, minced with scissors, and suspended in an 


* These experiments were supported by grants A-969 (C7) and 
(C8) from the National Institutes of Health, United States Pub- 
lic Health Service, and constituted a part of the thesis submitted 
by Dale D. Hoskins in fulfillment of the requirement for the de- 
gree of Doctor of Philosophy. 

t Present address, Department of Pediatrics, University of 
Washington School of Medicine, Seattle, Washington. 


equal volume by weight of 0.25 M sucrose. The suspension was 
homogenized in a Potter-Elvehjem apparatus and strained 
through a double layer of cheese-cloth. <A total of 4 ml of 0.25 
M sucrose was then added per ml of strained homogenate. These 
and all subsequent operations were carried out at 0° to 4°. 

The diluted homogenate was centrifuged at 300 x g for 3 min- 
utes in an International PR-1 centrifuge, head No. 822. After 
decanting, the supernatant solution was centrifuged at 2100 x g 
for 20 minutes, and the sedimented mitochondria were suspended 
in 0.25 M sucrose equal in volume to 3 times the original weight 
of liver. The mitochondria were then centrifuged at 13,000 x g 
in a Spinco model L preparatory centrifuge, head No. 30, and 
suspended in 7.5 mM potassium phosphate, pH 7.5. The mito- 
chondria were again sedimented at 13,000 x g and finally sus- 
pended in a volume of the phosphate buffer equal to the original 
weight of liver. 

Solubilization of Mitochondria by Sonic Oscillation—The sus- 
pension of mitochondria was transferred immediately to the cup 
of a 10-ke. Raytheon sonic oscillator, model DF-101, which 
had been cooled to approximately 4° by a rapid flow of cold 
water through the jacket. Sonic oscillation was carried out with 
the instrument tuned to maximal intensity at a current output 
of 1.1 amperes. After 15 minutes, the temperature of the prep- 
aration had risen to 16°. The sonically treated suspension of 
mitochondria was fractionated by differential centrifugation in 
the Spinco model L centrifuge, head No. 40. 

Ammonium Sulfate Fractionation—A saturated solution of 
(NH,)2SO, was added dropwise to 10.0 ml of enzyme solution 
until a concentration of 40% had been reached. The mixture 
was stirred with a magnetic stirrer for 15 minutes at 4°, and then 
centrifuged at 2300 x g for 15 minutes. The supernatant solu- 
tion was kept for further fractionation. The precipitate was 
dissolved in 10 ml of cold 7.5 mM potassium phosphate, pH 7.5, 
and dialyzed with stirring against two 500-ml portions of the 
same buffer for 1 hour each. Fractions at 40 to 60% and 60 to 
80% concentration of (NH,)2SO, were prepared in the same way. 

Measurement of Enzyme Activity—Enzyme activity was meas- 
ured by oxygen uptake, or by the reduction of 2,6-dichloro- 
phenolindophenol, with phenazine methosulfate being used as 
a prior electron acceptor whenever required. 

The assay with indophenol alone is performed as follows. En- 
zyme solution, pH 7.5 (0.5 ml), and 0.2 ml of 0.2 m KCN pH 8.0 
are added to each of two Klett-Summerson colorimeter tubes. 
Then 0.4 ml of 0.8 mm 2,6-dichlorophenolindophenol is added 
to each tube, and the volume is adjusted to 4.8 ml with 7.5 mm 
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potassium phosphate, pH 7.5. The tubes are placed in a water 
bath at 37° for 10 minutes, and 0.2 ml of the phosphate buffer 
is added to one tube and 0.2 ml of 0.1 M substrate solution to the 
other. The optical density is read immediately in a Klett-Sum- 
merson colorimeter, filter No. 60, against a tube containing en- 
zyme and buffer. After 5 minutes of incubation at 37°, read- 
ings are made again, and the decrease in optical density in the 
presence of substrate is corrected by the reading obtained in the 
absence of substrate. The number of mumoles of indophenol 
reduced in the enzymatic reaction is read from a standard curve. 
When larger quantities of enzyme are used in the assay, the con- 
centration of 2,6-dichlorophenolindophenol is increased by an 
appropriate amount. 

The addition of phenazine methosulfate to the indophenol 
assay system permits the measurement of dehydrogenase in 
purified preparations that are unable to reduce indophenol di- 
rectly. Volumes of enzyme solution ranging from 0.05 to 0.5 
ml are added to each of two colorimeter tubes followed by 0.2 
ml of 0.2 m KCN and 0.2 ml of 0.8 mm 2,6-dichlorophenolin- 
dophenol; 7.5 mm potassium phosphate, pH 7.5, is added to one 
tube to a volume of 4.7 ml and to the other tube to a volume of 
4.9 ml. The tubes are placed in a water bath at 37° for 9 min- 
utes and 40 seconds; 0.1 mt of 1.0% phenazine methosulfate is 
then added to the 4.9-ml tube and the optical density read at 
once. At 10 minutes and 30 seconds, 0.2 ml of 0.1 m substrate 
solution is added to the 4.7-ml tube, followed by 0.1 ml of 1.0% 
phenazine methosulfate, and the optical density is read immedi- 
ately. The optical density of both solutions is read again exactly 
90 seconds after the respective initial readings. The number of 
mumoles of 2,6-dichlorophenolindophenol reduced in the pres- 
ence of substrate is calculated as described for the indophenol 
assay procedure. | 

The protein content of the enzyme preparations. was deter- 
mined by the method of Lowry et al. (11). 

Materials—Sarcosine-C“H; was synthesized from glycine and 
C“H;I by the method of Fischer and Bergmann (12). Di- 
methylglycine was synthesized by the method of Michaelis and 
Schubert (13). Other compounds were obtained from the fol- 
lowing sources: sarcosine, Mann Chemical Company; phenazine 
methosulfate, FAD, DPN, TPN, and riboflavin phosphate, 
Sigma Chemical Company. 


RESULTS 


Solubilization of Mitochondrial Sarcosine-Oxidizing System— 
Liver mitochondria suspended in 7.5 mm potassium phosphate 
buffer, pH 7.5, were subjected to sonic oscillation for1l hour. Ali- 
quots of the mixture were removed at various intervals and cen- 
trifuged at 100,000 x g for 4hour. In each instance, the super- 
natant solution so obtained was examined for oxygen uptake. 
As shown in Fig. 1, the activity of the supernatant solution in- 
creased with the time of sonic oscillation for approximately 5 
minutes, fell slightly, and thereafter remained constant for 1 
hour. On the basis of these results, a sonic oscillation time of 
40 minutes and a centrifugation time of 30 minutes were chosen 
for the preparation of the soluble sarcosine-oxidizing system. 
This preparation contained approximately 60% of the mano- 
metric activity of intact mitochondria. Addition of the sedi- 
ment to the supernatant solution did not increase the rate of 
oxygen uptake (Table I). 

Separation of Sarcosine Dehydrogenase System from Terminal 
Electron Transport System—When the sonically treated mito- 
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chondria were centrifuged for 3} hours at 100,000 xX g, both th 
supernatant solution and the sediment failed to oxidize sarcogin, 
at an appreciable rate (Table I). Recombination of the typ 
fractions, however, completely restored the ability to oxidip 
sarcosine. 

The two fractions were next tested for succinic dehydrogenay 
activity. When incubated with 20 umoles of succinate, the 3}. 
hour sediment took up 16.0 uliters of oxygen per hour per mg of 
protein, whereas the supernatant solution took up only 04 
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MINUTES OF SONIC OSCILLATION 


Fic. 1. Solubilization of the sarcosine-oxidizing system of liver : 


mitochondria. The mitochondria were suspended in a volume of 
7.5 mm potassium phosphate, pH 7.5, equal to the original weight of 
liver, and exposed to sonic oscillation for] hour. At the indicated 
intervals, aliquots of the mixture were withdrawn and centrifuged 
for 4 hour at 100,000 X g, and 2-ml samples of the clear yellow 
supernatant fraction were added to Warburg vessels. After equil- 


ibration at 37° in air, 20 wmoles of sarcosine in 0.2 ml of the phos- — 


phate buffer were tipped in from the side arm. The center well 
contained 0.1 ml of 30% KOH. Oxygen uptake was measured for 
20 minutes. 


TABLE 


Fractionation of solubilized sarcosine-oridizing system of 
mitochondria by differential centrifugation 
Each Warburg flask contained 1.0 ml of enzyme prepared from 
1 g of liver, 20 umoles of sarcosine, and 7.5 mm potassium phos- 
phate, pH 7.5, to 2.2 ml. The center well contained 0.1 ml of 30% 
KOH. Incubation temperature in air, 37°. Activity is ex- 
pressed as yliters of oxygen consumed per hour per mg of protein. 


Recovery 
Preparation Oxygen | Protein | Activity | Sondra 
activity 
pl/hr mg % 
162 39 4.2 | 10 
Sonically treated mitochondria*..| 96 39 2.5 59 
Supernatant solution, $ hrf...... 96 31 3.1 59 
Sediment, 4 hr.................. 0 8 0 0 
Supernatant solution + sedi- 
Supernatant solution, 3} hrs..... 0 18 0 0 
Sediment, 34 hrs................. 18 22 0.8 ll 
Supernatant solution +  sedi- 


* Exposed to sonic oscillation for 40 minutes. : 
t Times refer to centrifugation of sonically treated mito- 
chondria at 100,000 X g. 
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liters. The sediment, therefore, contained cytochrome c and 
cytochrome oxidase in addition to succinic dehydrogenase. 
Since both the sediment and the supernatant solution were re- 
quired for the oxidation of sarcosine, it appeared likely that the 
supernatant solution contained the sarcosine dehydrogenase. 

Sarcosine Dehydrogenase System—The 34-hour supernatant 
solution (0.5 ml) (Table I) was incubated with sarcosine and 
2,6-dichlorophenolindophenol in the assay procedure described 
under “Experimental Procedure’; 80 myumoles of indophenol 
were reduced in 5 minutes, during which time the rate of reac- 
tion was constant. | 

In the light of this observation, sarcosine-C“H; was used as 
substrate in the following reaction mixture: 2.0 ml of supernatant 
solution, 0.2 ml of 0.2 m KCN, 1.2 ml of 0.8 mm 2,6-dichloro- 
phenolindophenol, 10 ywmoles of radio-sarcosine, 0.2 ml of 0.25 
u semicarbazide, and 7.5 mm potassium phosphate, pH 7.5, to 
5 ml. The semicarbazide was added as a trapping agent for 
“active formaldehyde” and formaldehyde (14). The mixture 
was incubated at 37° for 30 minutes, during which time an addi- 
tional 2.2 ml of 0.8 mm indophenol were added. The reaction 
was stopped by the addition of an equal volume of 20% tri- 
chloroacetic acid, and formaldehyde was isolated as the dimedone 
derivative by the carrier technique (1) ; 0.96 umole of C'4H.0 was 
isolated as compared with 1.14 wmoles of indophenol reduced. 
In a control experiment in which the enzyme was heated for 5 
minutes at 90°, no C'4H,O0 was formed, and no indophenol was 
reduced. Formaldehyde and glycine were inactive as substrates 
in the sarcosine dehydrogenase system. These experiments 
show that, in the assay procedure employed, reduction of indo- 
phenol is a satisfactory measurement of sarcosine oxidation. 

The activity of the dehydrogenase system was inhibited ap- 
proximately 50% when the concentration of the potassium phos- 
phate buffer was raised from 7.5 to 74.0 mm. Also, a 40% in- 
hibition was observed when either KCl or NaCl was added in 
75.0 mM concentrations. Complete inhibition was obtained 
with CuCl, at a concentration of 0.01 mM. 

The pH activity curve of the sarcosine dehydrogenase system 
in 7.5 mM potassium phosphate is shown in Fig. 2. 

The soluble dehydrogenase system retained its activity after 
dialysis and lyophilization, and withstood storage at —20° for 2 
weeks. Incubation at 50° for 5 minutes resulted in the complete 
loss of activity. 

Fractionation of Sarcosine Dehydrogenase System and Cofactor 
Requirement—The soluble dehydrogenase system was separated 
into three fractions by (NH,)2SO, precipitation as described 
under “Experimental Procedure.”’ Only the 40 to 60% (NH,)2- 
SQ, fraction exhibited sarcosine dehydrogenase activity and, 
even here, the activity per mg of protein was reduced. Recom- 
bination of the three fractions increased the activity substanti- 
ally, as did the addition of the inactive 60 to 80% fraction to 
the active 40 to 60% fraction (Table II). 

These results suggested the loss of a cofactor during the (NH,)-- 
SO, precipitation and dialysis. The effect of adding DPN, TPN, 
FAD, and riboflavin phosphate to each of the (NH,)2SO, frac- 
tions was therefore investigated.. Of the combinations tested, 
only the addition of FAD to the 40 to 60% fraction increased 
the enzymatic activity significantly (Table III). 

We next examined the effect of coenzymes on the activity of 
the combined 40 to 60% and 60 to 80% (NH,):SQ, fractions, 
te. the 40 to 80% fraction. Again, only FAD increased the 
activity significantly (Table IV), but in this case the increase 
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Fic. 2. pH activity curve of sarcosine dehydrogenase system. 
The enzymatic activity of 0.5 ml of supernatant solution ob- 
tained by centrifuging sonically treated mitochondria at 100,000 < 
g for 34 hours was measured by the indophenol assay procedure. 
Results are expressed as myumoles of sarcosine oxidized in 5 min- 
utes. 


TABLE II 


Fractionation of sarcosine dehydrogenase system with 
ammonium sulfate 
One milliliter of each enzyme preparation was incubated with 
40 uymoles of KCN, 20 umoles of sarcosine, 0.32 umole of 2,6- 
dichlorophenolindophenol, and 7.5 mm potassium phosphate, pH 
7.5, to 5 ml. 


mg/ml mumoles 
Supernatant solution*.......... 13.5 205 
0-40% fractionf................. 1.9 0 
40-60% fraction................. 6.2 31 
60-80% fraction................. 3.3 0 
Recombined fractions........... 10.3 130 
40-60% + 60-80% fraction...... 8.4 89 


* Prepared by centrifuging sonically treated mitochondria at 
100,000 X g for 33 hours. 

t Protein precipitated between 0 and 40% (NH,)2SO, saturation, 
dialyzed, and redissolved in 7.5 mm potassium phosphate, pH 7.5, 
equal in volume to original supernatant solution. 


TaBLeE III 
Effect of cofactors on ammonium sulfate fractions of sarcosine 
dehydrogenase system 

A total of 0.6 ml of each enzyme preparation was incubated 
under the conditions described in Table II. The concentration 
of DPN and TPN was 2 X 10-4 M, and the concentration of FAD 
and riboflavin phosphate was 5 X 10° m. The results are ex- 
pressed as mumoles of 2,6-dichlorophenolindophenol reduced in 
5 minutes. 


(NH4)2SO, fraction 
Addition 

40-60% 60-80% 

mumoles mymoles myumoles 
None 0 37 0 
2 31 0 
Riboflavin phosphate. . 1 33 0 
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was much larger than was observed with the 40 to 60% (NHs,)>- 
SO, fraction alone (Table III). In short, the activity of the 40 
to 60° fraction was increased more by the addition of FAD 
plus the 60 to 80% (NH4)2SO, fraction than could be accounted 
for by the sum of their separate effects. 

Before proceeding further, a critical question had to be an- 
swered concerning the action of FAD. It had been found pre- 
viously in this laboratory that, whereas phosphate-washed mito- 
chondria do not oxidize formaldehyde, they do so vigorously 
upon the addition of FAD (15). Consequently, it was necessary 
to determine whether or not the effect of FAD on indophenol 
reduction in the present experiments was due to the conversion 
of formaldehyde to formate. To answer this question, sarcosine- 
C'4H,; was incubated with the 40 to 80% (NH,).SO, fraction in 
the presence and absence of added FAD. After 45 minutes, 
the reaction was stopped by the addition of trichloroacetic acid, 
and C4H.0 was isolated as the dimedone derivative (1). As 
shown in Table V, there was good agreement between the num- 
ber of umoles of indophenol reduced and the number of uwmoles 
of C“H.O isolated in both the presence and absence of FAD. 
The effect of FAD was confined, therefore, to the sarcosine de- 
hydrogenase system which transfers electrons from sarcosine to 


TaBLe IV 


Effect of cofactors on 40 to’°80% ammonium sulfate fraction of 
sarcosine dehydrogenase system 
One milliliter of the supernatant solution or 0.6 ml of the re- 
dissolved protein precipitated at 40 to 80% (NH4)2SO, was incu- 
bated under the conditions described in Table II. The concen- 
tration of DPN and TPN was 8 X 10-5 M, and the concentration 
of FAD and riboflavin phosphate was 4 X 1075 M. 


reduced 
i 


Enzyme system 

mumoles 
Supernatant solution + FAD.................. 216 
40-80% (NH4)2SO, fraction..................... 54 
40-80% (NH,)2SO, fraction + DPN............ 58 
40-80% (NH4)2SO, fraction + TPN............. 50 

40-80% (NH4)2SO, fraction + riboflavin phos- 

40-80% (NH,4)2SO, fraction + FAD............. 128 


TABLE V 


Effect of FAD on conversion of sarcosine-C'4H; to C'4H20 by 
sarcosine dehydrogenase system 

Dialyzed 40 to 80% (NH4)2SO, fraction of solubilized mito- 
chondria equivalent to 3 g of liver was incubated with 20 umoles 
of sarcosine-C!*H3, 40 umoles of KCN, 50 umoles of semicarbazide, 
0.64 umole of 2,6-dichlorophenolindophenol, and 7.5 mm potas- 
sium phosphate, pH 7.5,to 5 ml. One of the reaction flasks con- 
tained, in addition, 0.2 ymole of FAD. Indophenol reduction 
was measured for 45 minutes. During this time, an additional 
0.16 ymole of indophenol was added to the control flask and 0.72 
umole to the flask containing FAD to keep the concentration of 
oxidized indophenol approximately constant. 


Addition Indophenol reduced C'4H20 isolated 
pmoles pmoles 
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Fic. 3. Effect of 4 X 10-5 m FAD on the rate of sarcosine oxida. 
tion by the semipurified sarcosine dehydrogenase system. De. 
tails of the experiment are given in Table V. 


TaBLeE VI 
Effect of cofactors on dimethylglycine dehydrogenase system 
Dialyzed 40 to 80% (NH,)2SO, fraction of solubilized mito- 
chondria equivalent to 1.5 g of liver was incubated with 20 umoles 
of dimethylglycine, 50 umoles of potassium methoxyacetate, 4 
umoles of KCN, 0.32 umole of 2,6-dichlorophenolindophenol, 
and 7.5 mM potassium phosphate, pH 7.5,to5ml. The concentra- 
tion of cofactors is given in Table IV. 


Addition Indophenol reduced in 15 min 
mymoles 
Riboflavin phosphate............. 17 


2 ,6-dichlorophenolindophenol. The increase in the reaction 
rate produced by FAD is shown in Fig. 3. 

Dimethylglycine Dehydrogenase System and Cofactor Require- 
ment—The sonic treatment of liver mitochondria also resulted 
in the solubilization of dimethylglycine dehydrogenase and, like 
sarcosine dehydrogenase, this enzyme remained in solution when 
the treated suspension was centrifuged for 34 hours at 100,000 x 
g. Furthermore, the dimethylglycine dehydrogenase was pres- 
ent in the 40 to 80% (NH4,)2SO, fraction prepared from the super- 
natant solution. 

We have shown previously that the sarcosine-oxidizing system 
of mitochondria, but not the dimethylglycine-oxidizing system, 
is inhibited competitively by methoxyacetate (2, 4). We there- 
fore used this inhibitor in a study of the effect of coenzymes on 
the dimethylglycine dehydrogenase system. As shown in Table 
VI, FAD greatly increased the oxidation of dimethylglycine, 
and the effects of riboflavin phosphate, DPN, and TPN were 
either small or negligible. The rate of dimethylglycine oxidation 
in the presence of FAD is illustrated in Fig. 4. The inhibitory 
effect of methoxyacetate on sarcosine oxidation in the dehydro- 
genase system is shown in Fig. 5. These results indicate that 
FAD is a coenzyme in the system which catalyzes the transfer 
of electrons from dimethylglycine to 2,6-dichlorophenolindo- 
phenol. 

Subsequent experiments in our laboratory (16) have shown 


that dimethylglycine dehydrogenase is concentrated in the 40 to 
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Fic. 4. Effect of 4 X 10-'m FAD on the rate of dimethylglycine 
oxidation by the dimethylglycine dehydrogenase system. Sarco- 
sine dehydrogenase activity was inhibited by 10 mm potassium 


methoxyacetate. Details of the experiment are given in Table VI. 
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Fic. 5. Inhibition of sarcosine dehydrogenase system by meth- 
oxyacetate. Dialyzed 40 to 80% (NH,)2SO, fraction of solubilized 
mitochondria equivalent to 1.5 g of liver was incubated with 0.2 
umole of sarcosine, 40 wmoles of KCN, 0.2 umole of FAD, and 0.32 
umole of 2,6-dichlorophenolindophenol in 7.5 mm potassium phos- 
phate, pH 7.5,to 5 ml. The lower curve shows the effect of 10 mm 
potassium methoxyacetate on the rate of reaction. 


60% (NH,)2SO, fraction, and that its activity, like that of sar- 
cosine dehydrogenase, is increased by the addition of the 60 to 
80% fraction. | 

Replacement of FAD and 60 to 80% (NH4)2SO4 Fraction with 
Phenazine Methosulfate'-—The experiments reported thus far 
suggested to us that a flavoprotein, present in the 60 to 80% 
(NH4)2SO, fraction, was required for the transfer of electrons 
from sarcosine dehydrogenase and dimethylglycine dehydro- 
genase to 2,6-dichlorophenolindophenol. In order to test this 
hypothesis, and to purify further the two dehydrogenases, it was 
necessary to develop an assay which would eliminate the need 
for the 60 to 80% (NH,)2SO, fraction. We found that when 
phenazine methosulfate was added to the indophenol assay sys- 
tem, the 40 to 60% (NH,)2SO, fraction exhibited high sarcosine 
dehydrogenase activity, and no longer required the 60 to 80% 
(NH,).SO, fraction. Furthermore, in the presence of phenazine 
methosulfate, the rate of sarcosine oxidation by the 40 to 60% 
(NH,).SO, fraction was not increased by the addition of FAD. 
In other words, FAD increased sarcosine dehydrogenase activity 


‘We are indebted to Dr. Thomas P. Singer for the initial supply 
of phenazine methosul fate. 
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only when the 60 to 80% (NH4,)2SO, fraction was required to 
transfer electrons from the primary dehydrogenase to indophenol, 
7.e. in the absence of phenazine methosulfate. It appears, there- 
fore, that the electron transfer protein present in this fraction is 
a readily dissociated flavoprotein. 

The assay of sarcosine dehydrogenase by the phenazine metho- 
sulfate-indophenol method at several stages in the purification 
procedure is shown in Table VII. Nearly all the activity present 
in the sonically treated mitochondria was recovered in the 3}- 
hour supernatant solution and in the 40 to 60% (NH4)2SO, frac- 
tion. The specific activity was increased four to five fold, 
Fig. 6 shows the relation between enzyme concentration and de- 


TaBLe VII 


Measurement of sarcosine dehydrogenase activity by phenazine 
methosulfate-indophenol procedure 


Enzyme prepared from mitochondria isolated from 0.3 g of 
liver was incubated with 20 umoles of sarcosine, 40 uymoles of KCN, 
0.2 umole of FAD, 0.24 umole of 2,6-dichlorophenolindophenol, 
0.1 ml of 1.0% phenazine methosulfate, and 7.5 mm potassium 
phosphate, pH 7.5, to 5 ml. Specific activity is expressed as 
myumoles of indophenol reduced per hour per mg of protein. 


Indophenol 
Preparation Protein 
mumoles mg 
Mitochondria.................... 75 10.5 286 
Sonically treated mitochondria... . 55 10.5 209 
Supernatant solution*............. 52 4.7 443 
40-60% (NH4,)2SO, fractiont...... 50 2.1 953 


* Prepared by centrifuging sonically treated mitochondria at 
100,000 X g for 33 hours. 

t Protein precipitated from supernatant solution at 40 to 60% 
saturation with (NH,)2SO, and dialyzed against 7.5 mm potassium 
phosphate, pH 7.5. 
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Fic. 6. Effect of phenazine methosulfate on indophenol reduc- 
tion in the sarcosine dehydrogenase system. The enzyme prepa- 
ration employed was the supernatant solution obtained by cen- 
trifuging sonically treated mitochondria for 34 hours at 100,000 x 
g; 0.1 ml of enzyme solution was equivalent to 0.1 g of liver. The 
results are expressed as mumoles of sarcosine oxidized in 90 sec- | 
onds. The upper curve shows the amount of sarcosine oxidized 
in the presence of phenazine methosulfate plus 2,6-dichlorophenol- 
indophenol, and the bottom curve the amount of sarcosine oxi- 
dized when the phenazine methosulfate was omitted. 
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hydrogenase activity in the presence and absence of phenazine 
methosulfate. 


DISCUSSION 


Solubilization by sonic oscillation of the enzymes of mito- 
chondria which catalyze the oxidative demethylation of sarcosine 
and dimethylglycine has shown that both enzymes are dehydro- 
genases which transfer electrons from substrate to molecular 
oxygen via an electron transport chain. Thus, when the sub- 
mitochondrial particles containing cytochrome c and cytochrome 
oxidase are removed from sonically treated mitochondria by 
prolonged ultracentrifugation, the soluble dehydrogenase sys- 
tems can no longer transfer electrons to oxygen.2 They can, 
however, transfer electrons to 2 ,6-dichlorophenolindophenol. 

The soluble sarcosine dehydrogenase system can be separated 
into two fractions by (NH,)2SQ, precipitation: a 40 to 60% frac- 
tion which reduces indophenol at a slow rate, and a 60 to 80% 
fraction which does not reduce indophenol in the presence of 
substrate, but increases substantially the activity of the first 
fraction. The addition of FAD also increases the sarcosine de- 
hydrogenase activity of the first fraction, but its effect is far 
greater when added to the combined fractions. These results 
indicate that two enzymes are involved in the soluble sarcosine 
dehydrogenase system; sarcosine dehydrogenase itself, and a 
protein, present in the 60 to 80% (NH4)2SO, fraction, which 
transfers electrons from the dehydrogenase to indophenol. 
When the electron transfer protein is replaced by phenazine 
methosulfate, sarcosine dehydrogenase reduces indophenol at a 
very rapid rate which is not increased by the addition of FAD. 
Therefore, the effect of FAD is on the electron transfer protein. 
In this connection, fractionation of solubilized mitochondria by 
ammonium sulfate precipitation is accompanied by a loss of 
FAD in the supernatant solution, and before this loss, the addi- 
tion of FAD does not stimulate the sarcosine dehydrogenase 
system (Table IV). 

Recently, Frisell and Mackenzie (16) have purified sarcosine 
dehydrogenase further by chromatography on diethylamino- 
ethyl-cellulose. This sarcosine dehydrogenase preparation is 
devoid of indophenol-reducing activity, either alone or in the 
presence of FAD. When the electron transfer flavoprotein frac- 
tion is added, however, indophenol is reduced. Furthermore, 
the addition of FAD greatly increases the rate of indophenol 
reduction. Similar results have been obtained with purified di- 
methylglycine dehydrogenase which has been separated from 
sarcosine dehydrogenase by chromatography on diethylamino- 
ethyl-cellulose (16). 

An electron transfer flavoprotein with a similar function has 
been described by Crane and Beinert (18) in the dehydrogenation 
of fatty acids by acyleoenzyme A dehydrogenase. In view of 
our results, it seems possible that phenazine methosulfate may 
substitute for the electron transfer flavoprotein in fatty acid 
oxidation. The present experiments also suggest that other 
enzymes which require phenazine methosulfate for the transfer 
of electrons to indophenol may be coupled in situ with an elec- 
tron transfer flavoprotein. 

With respect to the cofactor(s) associated with purified sarco- 
sine dehydrogenase and dimethylglycine dehydrogenase, neither 


2 The submitochondrial particles catalyze the oxidation of suc- 
cinate and, in this respect, resemble the heart mitochondria elec- 
tron transport particles described by Green (17). 
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of these enzymes reduces DPN or TPN, nor is its activity in the 
phenazine methosulfate-indophenol system increased by the 
addition of FAD or riboflavin phosphate. Current experiments 


in our laboratory*® have shown that purified sarcosine dehydrog. * 


enase contains tightly bound FAD which is liberated by tryptic 
digestion, and evidence has been obtained that the bound FAp 
is reduced when sarcosine is incubated with substrate concep. 
trations of the enzyme. 


SUMMARY 


Mitochondrial sarcosine dehydrogenase has been solubilized 


by the sonic treatment of liver mitochondria and purified by 
differential centrifugation and (NH,)2SO, precipitation. All the 
sarcosine dehydrogenase activity of sonically treated mitochon. 


dria was recovered in the 40 to 60% (NH4)2SO, fraction. The | 


specific activity was increased four to five fold. 

Purified sarcosine dehydrogenase can be measured by the 
reduction of 2,6-dichlorophenolindophenol when _phenazine 
methosulfate is used as a prior electron acceptor. The phenazine 
methosulfate can be replaced by a soluble mitochondrial protein 
which also transfers electrons from sarcosine dehydrogenase to 
indophenol. The addition of flavin adenine dinucleotide in- 
creases the activity of the electron-transfer protein, as shown by 
a marked increase in the rate of indophenol reduction and an ae- 
companying stoichiometric increase in the oxidation of sarcosine- 
to C“H.O. 


The indophenol, in turn, can be replaced as a terminal electron 
acceptor by submitochondrial particles containing cytochrome c | 


and cytochrome oxidase. These particles (which also contain 
succinic dehydrogenase) are isolated from solubilized mitochon- 
dria by prolonged ultracentrifugation. 
in these reactions may be summarized as follows: 


Sarcosine — dehydrogenase — flavoprotein — particles — 0, 


phenazine — indophenol 


Mitochondrial dimethylglycine dehydrogenase is also solu- 
bilized by the sonic treatment of mitochondria and is found in 
the 40 to 80% (NHy4)2SO, fraction. Its activity can be dis- 
tinguished from sarcosine dehydrogenase activity by the use of 
methoxyacetate, a substrate-specific competitive inhibitor for 
the latter enzyme. Dimethylglycine dehydrogenase also re- 
quires the electron transfer flavoprotein for the reduction of 
indophenol. With this dehydrogenase too, the electron transfer 
flavoprotein can be replaced by phenazine methosulfate. 
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In many instances the end product of a sequence of biosyn- 
thetic reactions inhibits the formation of enzymes responsible for 
these reactions. Such “negative feedback” effects have been ob- 
served in bacteria for amino acids (3-6) and for pyrimidines (7), 
and the name “‘enzyme repression”’ has been coined for them (5). 
In the case of several amino acids, enzyme repression could be 
demonstrated by showing that cells cultured in their presence 
contained much less of the particular enzyme than cells cultured 
in their absence (3-6). In the case of pyrimidines, it could be 
shown that pyrimidine-requiring mutants incubated in a medium 
devoid of pyrimidines could increase their content of some of the 
enzymes required for pyrimidine biosynthesis to a level many 
times that found in the prototroph (7). 

An earlier observation suggested that the formation of enzymes 
responsible for the biosynthesis of purines is similarly controlled 
by purines. It was found that in a guanine-requiring mutant of 
Aerobacter aerogenes, the level of inosine 5’-phosphate dehydro- 
genase depended on the guanine content of the growth medium; 
cells grown in a medium containing guanine in excess had about 
the same level of enzyme as the prototroph, whereas cells grown 
in a medium containing a limiting amount of guanine had a level 
of enzyme about 20 to 40 times higher (8). 

The study of the kinetics of IMP-dehydrogenase formation in 
this mutant has now revealed that the rate of synthesis of this 
emzyme is very slow, so long as guanine is present in the medium; 
rapid synthesis of the enzyme begins only after the exhaustion of 
the guanine from the medium. This finding suggested that a 
convenient method for the investigation of the repressive effects 
of purines on the formation of enzymes responsible for purine 
biosynthesis would be the comparison of the enzyme levels at- 
tained by cultures grown on limiting and excess purine. 

Two enzymes were chosen for this study: IM P-dehydrogenase 
(8), which catalyzes the conversion of IMP to xanthosine 
5’-phosphate and is essential for the biosynthesis of guanosine 
5’-phosphate but not for that of adenosine 5’-phosphate; and 
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inosinicase (9), which catalyzes the formation of IMP from 
5-formamido-1-ribosyl-4-imidazolecarboxamide-5’-phosphate and 
is essential for the formation of both AMP and GMP. This es. 
sential role of inosinicase in Enterobacteriaceae could be confirmed 
by the demonstration that its loss by mutation produces a purine 
requirement. 

Most of the bacteria used in these experiments were prototrophs 
and purine auxotrophs of Salmonella typhimurium and A. aeroge- 
nes. Some of the mutants were blocked in the ‘common path” 
of purine biosynthesis (t.e. before the formation of IMP) but 
could interconvert adenine and guanine nucleotides, whereas 
others were blocked in the ‘‘branches”’ leading to AMP and GMP 
and could not interconvert these nucleotides. It was therefore 
possible to investigate whether a derivative of guanine or of 
adenine was responsible for the observed repressions of the en- 
zymes. The experimental results indicate that in these organ- 
isms, the formation of both inosinicase and IMP-dehydrogenase 
is controlled by derivatives of guanine. 


EXPERIMENTAL PROCEDURE 


Chemicals—Guanine was purchased from the Mann Research 
Laboratories, Inc.; adenine, thiamine -HCl, and t-histidine - HCl 
from the Nutritional Biochemicals Corporation; IMP from the 
Sigma Chemical Company; chloramphenicol from Parke, Davis 
and Company; GSH from Schwarz Laboratories, Inc. 5-Forma- 
mido-1-ribosy]-4-imidazolecarboxamide-5’-P was prepared from 
by the modifica- 
tion of the method of Shaw (10) described by Flaks et al. (9). 

Bacteria—Most of the strains used have been previously de- 
scribed. The Salmonella mutants were all derived from S. typh- 
murium LT-2 and were kindly provided by Dr. Demerec. S. 
typhimurium strain HiB, is a histidine auxotroph; strain Ad-1 
lacks the enzyme necessary for the conversion of IMP to adenylo- 
succinate and requires adenine for growth;! strain Ad-12 lacks 
adenylosuccinase and requires adenine (11); strain Gu-1 lacks 
xanthosine 5’-phosphate-aminase and requires guanine (12). 

The Aerobacter mutants are derived from strain 1033; strain 
PD-1 is blocked in one of the early steps in the common pathway 
of adenine and guanine biosynthesis and requires either adenine, 
guanine, hypoxanthine, or xanthine (13); strain P-14 lacks 
xanthosine 5’-phosphate-aminase (12) and requires guanine (13). 

The Harvard strain of Escherichia coli and a mutant, strain 
HP-1, which requires either adenine, guanine, hypoxanthine, or 
xanthine, and a revertant to the prototropic state, strain HP-1-R, 
were used (14). Experiments described in this paper establish 


1 Gots, J. S., personal communication. 
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that strain HP-1 lacks inosinicase. E. coli strain R-257 lacks 
IMP-dehydrogenase and requires xanthine or guanine (8). 

The purine-independent strains were maintained with weekly 
transfers on tryptic-digest agar slants; the mutants, on slants 
containing Bacto-trypton, 1%; yeast extract, 1%; KH:2PO,, 
0.5%; glucose, 0.1%; and agar, 2%. For the preparation of cell 
extracts, the bacteria were grown with shaking in 1 liter of mini- 
mal medium (15) contained in a 2-liter Erlenmeyer flask at 37° 
for 16 hours. The medium was supplemented with 5 mg of histi- 
dine for the histidine-requiring strain HiBy., and for strains HP-1, 
Ad-12, and PD-1 which are blocked in the common pathway of 
adenine and guanine biosynthesis. This supplementation en- 
ables these purine-requiring strains to synthesize protein after the 
exhaustion of their supply of purine (14). The medium was sup- 
plemented with 25 ug of thiamine for strain PD-1 which requires 
this vitamin for growth (13) and for all strains when they were 
grown with adenine, in order to overcome the toxic effects of this 
purine base (14, 16). The purine supplements used are indicated 
in the description of the experiments. 

Analytical Methods—The bacteria were harvested and dis- 
rupted by sonic oscillation (8). The inosinicase activity of the 
cell extracts was determined by a modification of the method of 
Flaks et al. (9). The assay system contained in a total volume 
of 0.4 ml, 0.05 umole of the formamidoribosylimidazolecarbox- 
amide phosphate, 30 umoles of Tris of pH 7.4, and sufficient cell 
extract to catalyze the disappearance of 0.004 to 0.010 umole of 
substrate per minute. To obtain this activity, 0.05 to 1 mg of 
protein was used in experiments with different cell extracts. The 
reaction was followed by determining after acid hydrolysis the 
amount of diazotizable amine (17). One unit of enzyme activity 
is defined as that which catalyzes the disappearance of 1 umole 
of substrate per minute. The [MP-dehydrogenase activity was 
determined as previously described (8); the amount of extract 
used was sufficient to bring about a change in the absorbancy at 
340 my of 0.004 to 0.012 per minute. This activity was obtained 
with 0.1 to 1 mg of protein, depending on the extract used. One 
unit of enzyme activity is defined as that which brings about an 
increase in absorbancy of 0.1 per minute (8). The protein con- 
tent of the extracts was determined by the method of Warburg 
and Christian (18). 


RESULTS 


Metabolic Scheme—The roles of inosinicase and of IMP-dehy- 
drogenase in the biosynthesis and interconversion of purine 
nucleotides and the genetic blocks in the mutants are shown in 
schematic form in Fig. 1. A detailed discussion of these reactions 
will be found in an earlier publication (14). 

IMP-Dehydrogenase—The essential role of IMP-dehydro- 
genase in the synthesis of GMP has previously been established 
(8). The loss by mutation of the ability to form IMP-dehydro- 
genase results in the inability of the cell to synthesize GMP de 
novo or from adenine, but does not affect the ability of the cell to 
synthesize AMP. Mutants lacking IMP-dehydrogenase require 
xanthine or guanine. 

The rate of formation of IMP-dehydrogenase is apparently 
controlled by guanine or one of its derivatives. A guanine-re- 
quiring mutant of A. aerogenes strain P-14, blocked between 
xanthosine-5’-P and GMP, was grown in a medium containing 
guanine in a concentration sufficient for approximately half- 
maximal growth. As illustrated in Fig. 2, the rapid increase in 
the TMP-dehydrogenase level of the cells began only after the 
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Fic. 1. Metabolic scheme. The broken lines intersecting the 
arrows indicate genetic blocks; the symbols at the broken lines re- 
fer to mutants lacking the enzyme. S, succino; ACP, 5-amino-1- 
ribosyl-4-imidazolecarboxamide-5’-P; F, formyl; XMP, xantho- 
sine-5’-P; J, inosinicase; JD, IMP-dehydrogenase. 
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Fig. 2. Level of IMP-dehydrogenase in A. aerogenes strain P-14 
during growth in minimal medium containing 5 yg per ml of gua- 
nine. Solid lines illustrate growth (absorbancy, O. D.); broken 
lines indicate the enzyme units per mg of protein in cell extract. 
The effect of chloramphenicol addition (time shown by arrow) at 
a final concentration of 50 ug per ml on both growth and enzyme 
activity is seen in curves indicated by X. The culture which re- 
ceived no chloramphenicol is indicated by @. 


rate of growth had markedly decreased, because of the exhaustion 
of the guanine from the medium. The rapid increase in enzyme 
activity during this period may be attributed to the synthesis of 
new enzyme, rather than to the activation of a “proenzyme,”’ 
as shown by the inhibitory effect which chloramphenicol, a 
known inhibitor of protein synthesis, exerts on the increase in 
enzyme activity (Fig. 2). In other experiments it could be 
shown that the increase in enzyme activity requires sources of 
energy, carbon, and nitrogen, and in the case of double mutants 
also auxotrophic for an amino acid, requires the presence of the 
essential amino acid; the addition of guanine immediately arrests 
the process. 

Inosinicase—The conversion of 5-amino-1-ribosyl-4-imidazole- 
carboxamide-5’-P to IMP by extracts of avian liver has been stud- 
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ied by Flaks et al. (9). They found that the over-all reaction 
consists of the transfer of a formy] group from formyltetrahydro- 
folic acid to the carboxamide, followed by cyclization of the 
formyl carboxamide produced to give IMP. It has not been 
possible to separate the enzymatic activities responsible for the 
transfer of the formyl group (transformylase activity) and for 
the cyclization (inosinicase activity). 

In crude bacterial extracts, the formylation of the carboxamide 
phosphate can be demonstrated with serine as donor of a hy- 
droxymethyl group and TPN or DPN as oxidant in the conver- 
sion of the hydroxymethyl group to a formyl group. In this 
manner it was possible to demonstrate the presence of trans- 
formylase activity in an extract of a mutant of EF. coli blocked 
between IMP and xanthosine 5’-phosphate (Table I). On the 
other hand, it was not possible to demonstrate the formylation of 
the carboxamide in the extract of a purine-requiring mutant of 
E. coli, strain HP-1, which excretes 5-amino-1-ribosy]-4-imidaz- 
olecarboxamide. 

The conversion of 5-formamido-1-ribosy]-4-imidazolecarbox- 
amide-5’-P to IMP is also catalyzed by crude bacterial extracts. 
A comparison of the activity of this enzyme, inosinicase, in ex- 
tracts of the Harvard strain of KF. coli and in mutants derived 
from it is shown in Table II. The specific activities of the en- 
zyme were determined on extracts from different cultures grown 
under identical conditions; the values for a given strain agree 


TABLE I 
Formylation of 5-amino-1-ribosyl-4-imidazolecarboxamide 
5’-phosphate 
The complete system contained in a total volume of 0.5 ml: 
5- amino -1 - ribosy] - 4 -imidazolecarboxamide -5’-P (ACP), 0.11 
pmole; L-serine, 10 KCl, 20 umoles; TPN, 0.1 umole; Tris 
pH 7.25, 25 umoles; and £. coli cell extracts, 7 to 10 mg of protein. 
The results are given as the percentage of Bratton-Marshall re- 
acting material disappearing after 30 minutes of incubation at 37°. 


Strain* Incubation system Conversion 

% 
R-257 Complete 87 
R-257 Complete — ACP + ACf (0.1 umole) 0 
R-257 Complete — TPN 60 
R-257 Complete — TPN + DPN (0.1 umole) 83 
R-257 Complete — serine 0 
R-257 Complete — serine + glycine (10 umoles) 0 
HP-1 Complete 0 


* Strain R-257 requires xanthine or guanine for growth; strain 
HP-1 will grow on any purine. The cells were grown in cultures 
supplemented with 5.0 wg of guanine per ml. 

+t AC = 4-amino-5-imidazolecarboxamide. 


TABLE II 
Distribution of inosinicase in E. coli 
Strain | Nutritional | Supplement in growth Ensyme activity* 
pg/ml units/mg protein 
Harvard None None 0.015, 0.017, 0.015 
HP-1 Purines Adenine, 5.0 0.002, 0.001 
HP-1-R None None 0.024, 0.033 


* Each value is the result of an assay carried out on an extract 
prepared from cells grown in a separate culture. 
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within approximately 25%. It can be seen that the enzyme 
level of the purine-requiring mutant is approximately one-tenth 
that of the prototroph, and that the mutation by which the pu- 
rine auxotroph regained its ability to grow without exogenous 
purines has been accompanied by the reappearance of the en- 
zyme. The genetic lesion responsible for the purine requirement 
of strain HP-1 appears to be the loss of the ability to convert 
5-amino-1-ribosyl-4-imidazolecarboxamide-5’-P to IMP. The 
simultaneous loss of the capacity to formylate the imidazole 
carboxamide ribonucleotide and of the capacity to cyclize the 
formyl derivative, suggests that both activities are associated 
with the same enzyme protein. These results also provide the 
proof that the conversion of 5-amino-1l-ribosyl-4-imidazolecar- 
boxamide-5’-P to IMP is an essential step in purine biosynthesis 
in E. coli and organisms related to it (Fig. 1). 

It could be shown with S. typhimurium mutant Gu-1, blocked 
between xanthosine-5’-P and GMP, that the formation of ino- 
sinicase occurs only after the exhaustion of the exogenous gua- 
nine, that it requires a source of carbon and a source of nitrogen, 
and that it is inhibited by chloramphenicol. 

Effect of Purines on Formation of Inosinicase and IM P-Dehy- 
drogenase in A. aerogenes and S. typhimurium—For these experi- 
ments the purine-independent strains were grown in media free 
from purine, or in media containing more than enough adenine or 
guanine to supply all the purine nucleotides of the cell (excess); 
the auxotrophs were grown in media containing the required 
purine base in an amount insufficient for full growth (limiting), 
or in an amount in excess of that required for full growth (excess). 

A series of experiments was carried out to determine the re- 
producibility of the enzyme assays. Repeated determinations 
on the same extracts showed close agreement. On the other 
hand, extracts prepared from separate batches of cells of the 
same organism grown separately under the same conditions 
showed variations of about 25%. The results presented in 
Table III are those of single determinations of both enzyme 
activities on the same extracts; in view of the variations ob- 
served in extracts of cells grown under the same conditions, only 
differences greater than two-fold are considered to be significant. 

In S. typhimurium (Experiments 1 to 10) high levels of IMP- 
dehydrogenase are found only in extracts of the guanine-re- 
quiring mutant cultivated on limiting guanine (Experiments 8 
and 10). The addition of excess guanine to the culture medium 
of this mutant sharply reduces the enzyme level, whereas the 
addition of adenine has no effect (Experiments 9 and 10). The 
enzyme levels of the adenine-requiring mutants grown on lim- 
iting adenine (Experiments 3 and 5), although considerably 
lower than those of the guanine-deprived cells, are higher than 
the level of enzyme in the purine-independent strain (Experi- 
ment 1) and can be reduced by excess adenine or guanine (Ex- 
periments 4, 6, and 7). The low enzyme level of the purine- 
independent strain could not be further reduced by the addition 
of excess adenine (Experiment 2). 

With regard to the inosinicase of S. typhimurium, one finds 
the highest level, just as in the case of IMP-dehydrogenase, 
under conditions of guanine starvation (Experiment 8); the en- 
zyme level is greatly reduced by excess guanine and only mod- 
erately reduced by excess adenine (Experiments 9 and 10). In 
contrast to IMP-dehydrogenase, inosinicase reaches a relatively 
high level in the purine-independent strain, unless excess purine 
is added to the medium (Experiments 1 and 2). Similarly, the 
level of inosinicase is relatively high in the adenine-requiring 
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mutants grown on limiting adenine (Experiments 3 and 5, )but is 
sharply reduced by the addition of excess adenine or guanine 
(Experiments 4, 6, and 7). 

As far as the IMP-dehydrogenase is concerned, A. aerogenes 
(Experiments 11 to 18) presents the same picture as S. typhi- 
murium. The enzyme levels of the guanine-requiring mutant 
grown on limiting guanine are much higher than those of the 
prototroph grown in the presence or absence of guanine; an ex- 
cess of guanine, but not of adenine, greatly reduces the enzyme 
level of the mutant. It is of interest that the level of IMP-dehy- 
drogenase is also high in a mutant which can interconvert ade- 
nine and guanine; in this mutant, excess adenine is capable of re- 
ducing the level of the enzyme (Experiments 14 and 15). The 
level of inosinicase in A. aerogenes is highest in the guanine-re- 
quiring strain which is grown on limiting guanine (Experiments 
16 and 18), somewhat lower in the mutant that interconverts 
adenine and guanine and is grown on limiting adenine (Experi- 
ment 14), and still lower in the prototroph which is grown in the 
absence of a purine base (Experiment 11). Excess adenine or 
guanine reduces the enzyme levels by about one-half in the case 
of the strains capable of interconverting AMP and GMP (Ex- 
periments 12, 13, and 15); in the case of strain P-14, which is un- 
able to convert adanine to GMP, an excess of guanine but not of 
adenine brings about such a reduction (Experiments 17 and 18). 


DISCUSSION 


The experimental results presented in this paper show clearly 
that a derivative of guanine controls the rate of synthesis of IMP- 
dehydrogenase in both S. typhimurium and A. aerogenes. Rapid 
formation of the enzyme occurs only when the synthesis de novo 
of GMP is prevented by the lack of an essential enzyme and when 
no guanine is provided exogenously. Adenine inhibits the for- 
mation of the enzyme only when it can be converted to GMP. 
In cells capable of synthesizing GMP, the repressor of IMP-de- 
hydrogenase is apparently present in a concentration sufficiently 
high to restrict the rate of formation of the enzyme to a small 
fraction of that attainable in nonrepressed cells. The concentra- 
tion of the repressor can be decreased only by guanine starvation. 

The rate of inosinicase formation by S. typhimurium also seems 
to be controlled by a derivative of guanine, but not in the same 
manner as that of I[MP-dehydrogenase. The level of the enzyme 
in the guanine-independent cell grown in the absence of guanine 
is not much lower than that found in the guanine-starved cell, 
and is markedly reduced by exogenous guanine. Adenine is 
most effective in bringing about a reduction of the inosinicase 
level in those strains in which it can be converted to GMP. It 
would appear that in those cells which synthesize GMP de novo, 
the concentration of the repressor of inosinicase is not sufficiently 
high to reduce the rate of the synthesis of this enzyme greatly 
below that of guanine-starved cells. In A. aerogenes, the level of 
inosinicase in the purine-independent cell is about one-fifth that 
of the guanine-starved cell, and can be further reduced by the 
addition of a purine base to the medium. In this organism too, 
adenine is effective in lowering the level of inosinicase in those 
strains in which it can be converted to GMP. 

Recent observations suggest that the end products of meta- 
bolic sequences do not interact immediately with the enzyme- 
forming system, but combine with another moiety to give the 
active repressor. Thus it has been shown that EZ. coli, whose 
ability to produce enzymes responsible for tryptophan biosyn- 
thesis is controlled by tryptophan, can lose by mutation the 
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TaBLeE III 
Effect of purines on formation of inosinicase 
and IM P-dehydrogenase* 


Purine in 


is Organism 
ks Ad | Gu I ID 
1; S.t. HiBie None 0 0 52 7 
2; S.t. HiBire None X 0 8 8 
3 | §S.t. Ad-l Ad L 0 45 13 
4; Ad-l Ad xX 0 9 8 
5 | S.t. Ad-12 Ad L 0 61 18 
6} Ad-12 Ad xX 0 8 6 
7) S.t. Ad-12 Ad L xX 10 6 
8 | S.t. Gu-l Gu 0 L [100] [100] 
9; S.t. Gu-l Gu 0 xX 13 5 
10; §.t. Gu-l Gu xX L 33 108 
11 | A.a. 1033 © None 0 0 21 6 
12; A.a. 1033 None xX 0 11 6 
13 | A.a. 1033 None 0 xX 12 3 
14; A.a. PD-1 Ad or Gu} L 0 52 48 
15 | A.a. PD-1 Ad orGu; X 0 25 13 
16 | A.a. P-14 Gu 0 L {100] [100] 
17 | A.a. P-14 Gu 0 xX 62 3 
18; A.a. P-14 Gu xX L 130 116 


* The abbreviations used are: A.a., Aerobacter aerogenes; S.t., 
Salmonella typhimurium; Ad, adenine; Gu, guanine; L, limiting 
supplement in growth medium (5 ug per ml); X, excess supplement 
in growth medium (25 to 40 ug per ml); I, inosinicase; ID, IMP- 
dehydrogenase. 

t Inosinicase and IMP-dehydrogenase activities are expressed 
as percentages of the enzyme activities of S. typhimurium strain 
Gu-1, grown on limiting guanine (Experiment 8, 0.075 and 1.2 
units per mg of protein, respectively) for Experiments 1 to 10, 
and of the enzyme activities of A. aerogenes strain P-14, grown on 
limiting guanine (Experiment 16, 0.13 and 1.2 units per mg of pro- 
tein, respectively) for Experiments 11 to 18. 


repressor of these enzymes without losing the capacity to form 
tryptophan (19). In the parent strain, the level of the enzymes 
is low and can be further depressed by exogenous tryptophan; 
in the mutant, the level of the enzymes is very high, and trypto- 
phan is excreted and fails to inhibit the formation of the enzymes. 
Furthermore, it has been suggested that the portion of the re- 
pressor of 8-galactosidase which is affected by the mutation of the 
“repressible wild type” of E. colt to the “non-repressible con- 
stitutive mutant’”’ consists of ribonucleic acid (20). According 
to the concepts formulated by Szilard (21), the active repressor 
is formed by the combination of an ‘‘R (non-metabolite)-moiety,’’ 
perhaps a specific ribonucleic acid, with a “metabolite-moiety,”’ 
which is the product of the metabolic sequence in which the en- 
zyme subject to repression participates. The level of active 
repressor in the cell will depend on the intracellular concentra- 
tions of these two components and on their mutual affinities. 
Considering the results obtained with IMP-dehydrogenase and 
inosinicase in the light of these ideas, we might postulate that 
the repressors of these two enzymes contain identical ‘“metabo- 
lite-moieties,’’ guanine nucleotides, but different ‘‘R-moieties,” 
and that the “R-moiety” of IMP-dehydrogenase possesses 
greater affinity for the “‘metabolite-moiety”’ than that of ino- 
sinicase. In the purine-independent cell growing in the absence 
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of exogenous guanine, the concentration of the guanine nucleo- 
tide would be sufficiently high to saturate the “‘R-moiety”’ of 
IMP-dehydrogenase, but not that of inosinicase. Consequently, 
the rate of formation of inosinicase, but not that of IMP-dehy- 
drogenase, would be reduced by the addition of guanine. In the 
guanine-starved cell, the level of the ‘‘metabolite-moiety’’ would 
be lower, and therefore both “‘R-moieties’’ would be largely in the 
free, inactive form. Consequently, IMP-dehydrogenase and 
inosinicase would both be formed at a rapid rate, which in the 
ease of IMP-dehydrogenase would be much greater than that 
observed in the purine-independent cell. 

It is of interest to compare the results of this study with those 
of an investigation of the effect of histidine on the formation of 
four enzymes essential for histidine biosynthesis in S. typhi- 
murium (22). It was reported that exogenous histidine did not 
lower the level of the four enzymes in the prototroph, but that 
partial histidine starvation, achieved by feeding histidine 
auxotrophs formylhistidine, resulted in equivalent increases in 
the level of all four enzymes. The authors suggest that the 
“coordinate”? repression of a sequence of biosynthetic enzymes 
may be due to the interaction of the repressor with a portion of 
the bacterial chromosome containing the closely linked genes 
that ‘‘control’’ the biosynthesis of this series of enzymes. These 
results differ from those obtained with inosinicase and IMP-de- 
hydrogenase, whose repressions, although associated with a 
guanine derivative, are not coordinate. Whether the lack of 
coordination reflects the absence of linkage between the genes 
responsible for these activities is not known at present. 


SUMMARY 


Extracts of Enterobacteriaceae were found to possess inosine 
5’-phosphate-transformylase activity and inosinicase activity. 
The loss of both activities, apparently caused by a single muta- 
tion, results in a requirement for purines, demonstrating the 
essential role of these enzymes for purine biosynthesis. 

The formation of the enzymes inosinicase, essential for the 
synthesis of both adenine and guanine nucleotides, and inosine 
5’-phosphate dehydrogenase, essential for the synthesis of gua- 
nine nucleotides only, is controlled through repression by a 
derivative of guanine; adenine is as active as guanine only in 
those cells in which it can be converted to guanosine 5’-phosphate. 
In Salmonella typhimurium the repressions exerted on inosinicase 
and inosine 5’-phosphate dehydrogenase by a derivative of guanine 
are not “‘coordinate.’’ The level of inosinicase of the purine- 
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independent cell is as high as that of the guanine-starved cell an 
can be reduced greatly by the addition of guanine to the mediyp, 
On the other hand, the level of inosine 5’-phosphate dehydn. 
genase in the purine-independent cell is less than 10% that ¢ 
the guanine-starved cell, and cannot be further reduced by th 
addition of guanine to the growth medium. 
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Isolation of 2(q-Propionamino)-6-hydroxypurine 
(Guanine Propionate)* 
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From the Department of Biological Chemistry, Medical School, The University of Michigan, Ann Arbor, Michigan 


(Received for publication, July 25, 1960) 


The work of McNutt implicates purines as direct precursors 
in riboflavin biosynthesis (1, 2). In the course of attempts to 
obtain incorporation of guanine-2-C™ into riboflavin in cell-free 
extracts of Eremothectum ashbyii, a new guanine derivative ac- 
umulated. <A derivative of this metabolite, guanine propionate, 
has been isolated after acid hydrolysis of the protein-free incu- 
bation mixture. This paper describes the isolation of the gua- 
tine propionate in crystalline form and some of the conditions 
or the formation of its precursor. The accompanying report 
3) provides evidence that the compound has the structure 2- 
(a-propionamino)-6-hydroxypurine. 


EXPERIMENTAL PROCEDURE 


E. ashbyit strain y 1363 was obtained from the Northern Re- 
sonal Research Laboratories. The organism was grown from 
45% inoculum for 36 hours with vigorous aeration in 15-liter 
earboys in a medium composed of the following per liter: 2 g of 
yeast extract (Difco Laboratories, Detroit, Michigan), 5 g of 
Bacto-peptone (Difco), 40 g of glucose, and 20 ml of a centrifuged 
5% (weight for weight) solution of spray-dried corn steep liquor 
(4. E. Staley Manufacturing Company, Decatur, I)linois). The 
mycelium was collected by filtration through cloth with suction, 
washed with cold 0.9% NaCl, and then pressed into cakes and 
frozen. The yield of damp mycelium was 250 to 330 g. The 
absorbancy of the medium at 445 my ranged from 2.7 to 4.0. 

Guanine-2-C'* and guanine-8-C'™ were purchased from Volk 
Radio-Chemical Company, Chicago, Illinois. 

Assay for Guanine Propionate—<All known guanine glycosides 
are hydrolyzed to guanine by boiling with dilute mineral acid. 
Therefore, the only labeled purine derivatives expected in an 
acid-hydrolysate of a deproteinized incubation mixture when 
radioactive guanine is used as starting material will be guanine, 
xanthine, and guanine propionate.! 

*Supported by a grant from the National Science Foundation 
and grant No. A-1669 from the National Institute of Arthritis and 
Metabolic Diseases of the National Institutes of Health, United 
States Public Health Service. One of the authors (U. K.) was 
— by funds from Eli Lilly and Company, Indianapolis, 

ana. 

t The material in this paper was taken from the thesis submit- 

ted by Usama al-Khalidi to the Graduate School of The University 
Michigan (1959) in partial fulfillment of the requirements for 
thePh.D. degree. Present address: Department of Biochemistry, 
American University of Beirut, Beirut, Lebanon. 
_'This organism is not able to incorporate radioactive guanine 
into the nucleic acid adenine (4). Thus, when the purines of the 
tueleic acids were isolated after incubating growing cultures with 
glanine-2-C14, the specific activity of the adenine was 195 counts 
per minute per umole; that of the guanine was 58,000 counts per 
minute per umole. 


A protein-free filtrate of the incubation mixture was adjusted 
to 1 N in terms of HCl, heated at 100° for 60 minutes, and then 
cooled and neutralized to phenolphthalein. The solution was 
put on a 0.78-cm? X 5-cm Dowex 1-X8 (200 to 400 mesh) col- 
umn (formate form) and the column washed with 200 ml of 0.02 
M ammonium formate at pH 5.5. Guanine propionate was 
eluted with 50 ml of 0.1 m formic acid. By reaction with the 
phenol reagent (5), guanine propionate developed a color which 
on a molar basis was equivalent to that shown by guanine. The 
compound also could be measured by using guanine-2- or -8-C™ 
in the reaction mixture. The phenol reagent color blank was 
of the order of 2 mumoles of guanine equivalents per ml. The 
radioactivity blank was 0.4% of the original total radioactivity 
in the guanine. 


Preparation of Guanine Propionate 

Incubation—A 100-g portion of the frozen mycelium was ex- 
tracted in the Waring Blendor for 1 minute at top speed with 
50 g of sand and 200 ml of 0.05 m potassium phosphate buffer 
at pH 7.4. The mixture was centrifuged at 1000 x g for 10 
minutes and the extraction repeated twice with 200-ml portions 
of fresh buffer. Each of these three extracts was incubated 
separately in a 2000-ml Erlenmeyer flask containing 10 ml of 
molar potassium phosphate buffer, pH 7.4, 250 umoles of guanine 
suspended in 5 ml of water, and 500 mg of glucose for a period 
of 23 hours on a reciprocating shaker at 32-33°. The incubation 
was stopped, after pooling the three extracts, by adding 25.5 ml 
of 70% perchloric acid. Precipitated protein was filtered off on 
a Buchner funnel using Whatman No. 1 paper and about 5 g 
of Hyflo Super-Cel filter aid, and the filtrate was stored in the 
refrigerator. The filtrates of six such incubations were pooled 
and evaporated in the Rinco rotary evaporator at about 35° to a 
volume of 1200 ml (final concentration of acid was about 1 M). 
The concentrated solution was heated in a boiling water bath 
for 1 hour and cooled in an ice bath. To the solution were added 
115 g of Ba(OH):-8H.0 (the molar equivalent of the phosphate 
present) and 60 g of solid KOH. After the solid hydroxides had 
dissolved, 5 m KOH was added dropwise until the solution gave 
a distinct red color to phenolphthalein. This corresponded to 
a pH of 9 with the glass electrode. The voluminous precipitate 
of BaHPO, and KCIO, was filtered off and washed with 200 ml 
of cold water. 

First Dowex 1 Fractionation—The filtrate, which was relatively 
salt-free, was passed onto a 20-cm? X 22-cm column Dowex 
1-X8 (200 to 400 mesh) formate form. The solution was washed 
into the column with about 100 ml of water and the column 
washed with 10 liters of 0.02 m ammonium formate, pH 4.4. 
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Fic. 1. Separation of an acid-hydrolyzed incubation mixture on 
a Dowex lcolumn. The solid line represents absorbancy, and the 
dotted area represents radioactivity. 


MILLIMOLAR EXTINCTION COEFFICIENT 


280 


WAVE LENGTH IN MILLIMICRONS 
Fic. 2. The ultraviolet absorption spectra of guanine propio- 
nate in the various charged forms (3). The spectra were run 
in the Cary recording spectrophotometer on 9.2 X 10-5 Msolutions. 


260 


Guanine propionate was eluted with 0.1 m formic acid. Most of 
the compound appeared in the first 2 liters (Fig. 1). The frac- 
tions containing guanine propionate were pooled and evaporated 
to about 20 ml. 

Dowex 50 Separation—To the fraction obtained from the 
Dowex 1 column was added 1 ml of concentrated HCl, and the 
resulting solution was passed through a 5-cm? X 22-cm column 
of Dowex 50W-X8 (200 to 400 mesh) hydrogen form. The col- 
umn was eluted with N HCl. The guanine propionate occurred 
in the fraction between 1050 and 1950 ml. To this fraction 4 g 
of charcoal were added and the mixture stirred for 1 hour. The 
charcoal was collected by centrifugation and washed with 200 
ml of water. Guanine propionate was eluted from the charcoal 
with two 100-ml portions of 50% ethanol containing 0.05 N 
NaOH by shaking each time for 60 minutes.2. The eluted solu- 
tion was concentrated to 80 ml and neutralized to pH 4.5 with 
glacial acetic acid. A total of 40 ml of a saturated solution of 
silver acetate then was added with mixing and the solution left 


2 Elution of guanine propionate from charcoal with ethanol- 
pyridine-water or with ethanol-NH,OH-water mixtures resulted 
in excessive breakdown to guanine. 
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in the refrigerator for 4 hours to insure complete precipitation. 
The silver precipitate was collected by centrifugation, washeq 
with 200 ml of water containing 5 ml of saturated silver acetate 
and dissolved by adding 5 ml of nN HCl and heating at 70° fo, 
15 minutes. The AgCl was removed by centrifugation. 

Second Dowex 1 Fractionation—The supernatant solution re. 
sulting after removal of the AgCl was neutralized to phenol. 
phthalein and passed onto a 3-cm? X 11-cm column of Dowex | 
(formate) and washed into the column with 20 ml of water. The 
column was washed with 1 liter of 0.02 m ammonium formate, 
pH 4.4, and guanine propionate eluted with 0.1 m formic acid 
(yield, approximately 7300 absorbancy units at 260 my). The 
fraction containing guanine propionate was evaporated to about 
1 ml and finally lyophilized. <A yield of about 140 mg of solid 
was obtained. 

Crystallization—The solid product was dissolved in 0.2 ml of 
90% formic acid and crystallized by adding 1.2 ml of water and 
storing overnight in the refrigerator. Crystallization began im. 
mediately. Under the microscope the crystals looked like rods 
and changed gradually into boat-shaped forms. Paper chroma- 
tography of the crystalline material gave single spots in solvents 
2, 6, 8, and 9 as measured under the ultraviolet light. The com- 
pound was recrystallized by the same procedure. 


RESULTS AND DISCUSSION 


The elemental analysis of recrystallized guanine propionate, 
performed on two different samples, agreed with the empirical 
formula: 


CsHsN ;03-$H:20 (232.1) 


Calculated: C 41.3 H43 N 30.2 O 24.2 COOH 19.9 
Found: (I)? C 40.96 H 4.51 N 29.35 COOH 20.5 
II C 41.11 H 4.39 N 29.63 O 25.27 


Sample I was dried at 30° in a vacuum over P.O; until the com- | 


pound had reached constant weight, and the drying procedure ' 


was continued 10 additional hours. Sample II was dried under 
the same conditions but at 100°. Apparently one-half a mole 
of water of crystallization is difficult to remove. Guanine pro- 
pionate shows ultraviolet spectra which are similar but not iden- 
tical to those of guanine (Fig. 2). These spectra and their 
implications in the characterization of the compound are con- 
sidered in the following paper. Table I shows the Ry values of 
guanine propionate on paper chromatography in 10 solvents. 
Guanine is included for comparison. 

The incorporation of radioactive guanine into guanine pro- 
pionate is not diluted by the addition of unlabeled guanosine-5’- 
phosphate or guanosine. The source of the propionic acid resi- 
due is not known, although conceivably it could be an acrylyl 
derivative (10), or if xanthine is involved, an amino acid. 

Dialysis of the extracts brings about complete loss of their 
ability to convert guanine to a guanine propionate derivative. 
The addition of hot alcohol extracts or boiled extracts of the same 


3 Elemental analyses and the determination of the carboxyl 
group were performed by Huffman Microanalytical Laboratories, 
Wheatridge, Colorado. The oxygen value was by direct analysis 
and the carboxyl group was by titration. 

‘With the use of guanosine 5’-phosphate at 10-fold the concen- 
tration of guanine-C™, the incorporation of isotope into guanine 
propionate was not diluted at 30 minutes and diluted 27% at 
minutes. With guanosine (30-fold the concentration of radioac- 
tive guanine), the incorporation was decreased by 30% at 60 min- 
utes. 
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TABLE I 
Rr values for guanine propionate 
Whatman No. 1 paper and ascending chromatography were 
ysed. The proportions are by volume. 


Solvent Guanine 
1. Isobutyric acid-0.5 m NH,OH; 10:6 (6)....| 0.44 0.47 
9. n-Butanol-ethanol-water; 50:15:35 (7)..... 0.08 0.28 
3 n-Butanol-acetic acid-water; 2:1:1 (equi- 
librium mixture)........................ 0.34 0.11 
4, Molar ammonium acetate(pH 8.4)-ethanol; 
5. Solvent 4 saturated with Na2B,.0O;7........| 0.65 0.63 
7, n-Propanol-concn. NH,OH-water; 60:30:10. 0.21 0.17 
8. Methyl ethyl ketone-butanol-concn. HCl- 
water; 30:40:20:10..................... 0.19 0.03 
9. 70% n-propanol-diethylamine; 100:1....... 0.42 0.28 
10. n-Propanol-2 m NH,OH; 4:1.............. 0.19 0.21 
Lob. 0-5N HCl 2N HCI ° 
x 
0.5 4 € 
2a 
> 
2 3 4 
LITERS = 
< a. 
” 
3 
oO 


Fic. 3. The separation of an acid-hydrolyzed reaction mixture 
on 8 Dowex 50 column. A total of 60 ml of extract, 25 umoles of 
guanine-2-C14 (10° counts per minute per umole), and 300 umoles 
of glucose 6-phosphate were incubated at 30° for 3 hours. The 
proteins were precipitated with ethanol. The volume of the su- 
pernatant was reduced to 20 ml, the concentrated solution hydro- 
lyzed 1 hour at 100° in 1 n HCl, and then applied to a 3.2-cm? X 
16-em column of Dowex 50-X8 (200 to 400 mesh) hydrogen form. 
Elution was as shown. The line represents absorbance from an 
ultraviolet recorder with a mercury lamp (A, mainly 257 my). 
The black area represents radioactivity. The first radioactive 
peak appearing after introduction of 1 N HCl is guanine propio- 
nate. 


organism to the dialyzed preparations did not restore activity. 
In this crude system the incorporation of radioactive guanine 
into guanine propionate shows a pH optimum of 7.0 and reaches 
& maximal incorporation in about 2 hours at 31.5°. A sharp 
increase in incorporation occurs with increasing concentration of 
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guanine up to 0.25 umole per ml and a slower increase there- 
after. 

The acidic property of guanine propionate after acid hydroly- 
sis greatly facilitates its separation on anion exchange columns 
from nonacidic compounds like the parent guanine. In addi- 
tion, its behavior as a base in strongly acidic solutions makes 
readily possible its separation on Dowex 50 columns from acids 
such as nucleotides. Fig. 3 represents the isolation of guanine 
propionate from a hydrolyzed incubation mixture by chromatog- 
raphy on a Dowex 50 column. 

Guanine propionate is isolated through a procedure which in- 
volves heating at 100° in n HCl and, as such, is most likely a 
degradation product. Initial attempts to isolate the original 
compound suggest that it is unstable. Conceivably it is sub- 
stituted on the Ng position. 

It is conceivable that guanine propionate or a derivative is an 
intermediate in the interconversion of guanine and xanthine 
compounds. A rather attractive hypothesis is that the original 
compound (before acid hydrolysis) is an intermediate in ribo- 
flavin synthesis and perhaps a common intermediate to pteridine 
synthesis as well. The ability of the extracts to convert guanine 
to a guanine propionate derivative seems to be correlated with 
the rate of riboflavin synthesis in the cells from which the ex- 
tracts are made. This, of course, is only suggestive evidence 
that such a compound might be an intermediate in riboflavin 
synthesis. 


SUMMARY 


Extracts of Eremothecium ashbyiit convert guanine to a guanine 
propionate derivative. Guanine propionate was isolated in crys- 
talline form after acid hydrolysis of the reaction mixture, and its 
composition was shown to agree with the empirical formula. 
Preliminary results on the conditions of formation of guanine 
propionate are described. 
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The isolation of guanine propionate was described in the pre- 
vious paper. This paper reports the physical and chemical 
properties of this compound and the evidence that it has the 
structure, 2(a-propionamino)-6-hydroxypurine. 


EXPERIMENTAL PROCEDURES 


Guanine propionate was isolated as described previously (1). 
7-Methylguanine and N?-methylguanine were gifts from Dr. 
Gertrude Elion, Welleome Research Laboratories (Tuckahoe, 
New York). Phosphate was, determined according to the 
method of Fiske and SubbaRow (2). The orcinol determination 
of pentose was carried out by the procedure of Kerr e¢ al. (3). 
The Pauly reaction was run according to the procedure of Mac- 
Pherson (4). The assay by the phenol reagent was that of Folin 
and Ciocalteau (5). 1L-Lactic acid was assayed with crystalline 
rabbit muscle lactic dehydrogenase (Boehringer). The condi- 
tions of the assay were according to Horn et al. (6). Total lactic 
acid was determined by the method of Barker and Summerson 
(7). The preparation of the chromatographic solvents desig- 
nated with numbers is described in the previous paper (1).. A 
quantitative measure of amino acids after paper chromatography 
was obtained by spraying with 1% ninhydrin and 1% 2,6-luti- 
dine in 95% ethanol and developing the color at 60° for 30 min- 
utes in an atmosphere saturated with water vapor (8). The 
colored area was cut out and eluted with 70% ethanol and the 
optical density of the resulting solution determined at 540 mu. 
The standard error of deviation was less than +5%. p-Alanine 
was determined by coupling partially purified D-amino acid oxi- 
dase (9) with lactic dehydrogenase and DPNH and following the 
decrease in optical density at 340 mu. Carboxylic acids were 
separated by paper chromatography with n-propanol-water-di- 
ethylamine in the proportions 85:15:1 (volume for volume). 
Ry values for several acids in this solvent were: acetic, 0.53; 
pyruvic, 0.16; lactic, 0.52; a-ketoglutaric, 0.36; succinic, 0.28; 
fumaric, 0.30; and malic, 0.18. As little as 0.2 umole of the 
compounds was detected by spraying the paper lightly with 0.2 
or 0.5% bromocresol green in 95% ethanol (10). 

Spectrophotometric Determination of Ionizing Groups—Two 5- 
ml solutions of the compound under investigation were acidified 
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ted by Usama al-Khalidi to the Graduate School of The University 
of Michigan (1959) in partial fulfillment of the requirements for 
the Ph.D. degree Present address: Department of Biochemistry, 
American University of Beirut, Beirut, Lebanon 


and alkalinized, respectively, with small amounts of concentrated 
HCl and 5 n KOH delivered from very thinly drawn out capillary 
tubes. The pH of the solution after each incremental addition 
was determined with a Beckman pH meter, model G, before and 
after the determination of the spectra. Spectral changes were 
followed in the Cary recording spectrophotometer. Corrections 
have not been made for the changes in volume caused by the 
addition of acid or base. These volume changes were always 
less than 1%. 

Nitrous Acid Treatment—The nitrous acid treatment was a 
modification of the method of Davoll (11). To a solution of the 
compound in 0.2 m NaNO» which had been preheated to 50° was 
added 0.1 volume of glacial acetic acid. After 10 minutes at 50°, 


0.5 volume of 0.2 M urea was added to destroy the excess nitrous | 


acid. For more vigorous conditions, deaminations were occa- 


sionally carried out using a final concentration of 3 N HCl in- | 


stead of 1.5 N acetic acid. 


RESULTS 


Spectra—The ultraviolet spectra of guanine propionate were 
presented in the previous paper (1). By spectrophotometric 
titration the compound showed pK’ values of 1.4, 3.2, and 10.2 
(Fig. 1). Table I compares these values with those of known 
guanine derivatives. The infrared spectrum of guanine propio- 
nate is very similar to that of guanine (Fig. 2). The fluorescence 
spectrum in 0.1 N HCl also is similar to those of guanine deriva- 
tives. However, the intensity of the fluorescence is lower. With 
excitation at 285 my and at a pH of 1, the maximum for guanine 
propionate was 350 muy; for guanine, 355 mu. The intensity of 
guanine propionate was 0.64 relative to guanine. 

Various Qualitative and Quantitative Assays—Purified guanine 
propionate reacted negatively to the following tests: organic 
phosphate, orcinol reaction, Bratton-Marshall reaction (12), 
Bratton-Marshall reaction after treatment with 6 n HCI for 1 
hour at 100°, reduction with the FeCl;-NH; reagent (13), reduc- 
tion of 2,6-dichlorophenol-indophenol (13), and the Folin uric 
acid reagent reaction (14). In all these cases a standard com- 
pound was added at the end of the reaction and was shown to 
give the reaction in the presence of guanine propionate. 

The compound was not acted upon by guanase and xanthine 
oxidase, singly or in combination. This finding was utilized to 
determine guanine in the presence of guanine propionate (15). 
Guanine propionate was not deaminated by treatment with 
nitrous acid under various conditions, nor did it form a nitroso 
derivative. Instead it was isolated unchanged after treatment. 

Guanine propionate reacted with the Folin phenol reagent to 
give the same molar extinction coefficient as guanine. The com- 
pound also gave a reaction with the Pauly reagent (4). Table 
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Fic. 1. The spectrophotometric determination of the ionizing 
groups in guanine propionate. Details of the determination are 
given under ‘‘Experimental Procedures.”’ 


TABLE I[ 


Dissociation constants of amino and hydroxy groups in certain 
guanine derivatives 


Compound NH:2* cO—*t Reference 
SS 3.3 9.2 26 
N?-Methylguanine.............. 3.3 9.8 t 
7-Methylguanine.............. 3.7 9.3 t 
1.6 9.2 27 
Guanylic acid (2’ and 3’)....... 2.4 9.3 27 
Guanosine-5’-phosphate....... 2.3 9.4 28 
Guanine propionate........... 1.4 10.2 t 


* Probable assignment. 
t Dissociation from the 1-6 position. 
t Determined spectrophotometrically. 


II describes the chromophores formed by various purines with 
this reagent. 

Identity of Products of Acid Hydrolysis of Guanine Propionate 
—When guanine propionate was refluxed for 60 hours in 6 N 
HCl, xanthine, alanine, glycine, and lactic acid were identified 
as products of the hydrolysis. 

Xanthine—The ultraviolet absorption spectra of the hydroly- 
sate at different pH values were identical with those of xanthine. 
Table III compares the Ry values of authentic xanthine with 
those of xanthine derived from the acid hydrolysis. When the 
solution was neutralized, diluted, and treated with xanthine 
oxidase, the resulting absorption spectrum was indistinguishable 
from that of uric acid. When this reaction was followed in the 
Cary spectrophotometer recording the entire spectrum at inter- 
mediate times, all the curves crossed at the two isosbestic points 
which are characteristic of the conversion of xanthine to uric 
acid. These curves suggest that xanthine oxidase was acting on 
a single compound and converting it to a single product. In 
two experiments the enzymatic assay for xanthine showed that 
at least 90% of the ultraviolet-absorbing material present in the 
acid hydrolysate was xanthine. 

Alanine and Glycine—The acid-hydrolyzed solution of guanine 
propionate was examined by paper chromatography in four sol- 
vent systems. After being sprayed with ninhydrin, two spots 
developed corresponding in Ry values and colors to glycine hy- 


drochloride and alanine hydrochloride run simultaneously (Table 
IV), 


Stoichiometry of Acid Hydrolysis—Table V presents two ex- 
periments in which guanine propionate was refluxed for 60 hours 
with 6n HCl. After hydrolysis the sum of the molar quantities 
of the remaining intact purine ring (xanthine) and of alanine was 
greater in each case than the original molar quantity of guanine 
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Fic. 2. The infrared spectra of guanine propionate, guanine, 
and N?-methylguanine. The spectra were run in Nujol, and the 
peaks marked X are caused by the absorption by Nujol. 


TABLE II 
Reaction of guanine propionate and various xanthine and guanine 
derivatives with Pauly reagent 
The spectra of the reaction mixtures were run in the Cary 
recording spectrophotometer between 350 and 650 mu. 


O.D.max Pauly 
Compound Maximum reaction/O.D.26 
original compound 

N?-Methylguanine............ 450 0.033 
Guanine propionate.......... 460 0.80 
1,7-Dimethylxanthine......... None 
1,3-Dimethylxanthine......... 420 0.18 
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TABLE III 


Chromatographic identification of zanthine as product of acid 
hydrolysis of guanine propionate 


| Rp values 
Solvent Solvent No.* , Hydro- 
Xanthine | | Mixture 
| propionate 
Isobutyric-NH3......... 1 0.17 0.16 0.16 
Butanol-ethanol-water. . 2 0.37 0.37 0.37 
Butanol-acetic acid..... 3 0.11 0.11 0.11 
6 0.34 0.35 0.34 
Propanol-NH,OH....... 7 0.29 0.29 0.29 


* See preceding paper (1). 


TABLE IV 


Chromatographic identification of glycine and alanine as products 
of acid hydrolysis of guanine propionate 


Rr values 
Solvent 

Alanine hy- | Glycine hy- | Hydrolysate of 

drochloride | drochloride |guanine propionate 
0.61 0.31 0.32, 0.62 
Propanol-diethylamine*....| 0.43 0.36 0.33, 0.42 
Methanol-pyridinet....... 0.50 0.34 0.34, 0.50 
Butanol-acetic acid{....... 0.43 0.34 0.33, 0.43 


* Seventy per cent n-propanol-diethylamine (100:1). 
+t Methanol-pyridine-water (80:4:20). 
t Freshly prepared n-butanol-glacial acetic acid-water (2:1:1) 


TABLE V 
Hydrolysis of guanine propionate by 6 n hydrochloric acid 
In both experiments guanine propionate was refluxed 60 hours 


in 6 N HCl, the HCl evaporated down in a vacuum, and the prod- 
ucts assayed as described in ‘‘Experimental Procedures.”’ 


Experiment 1 Experiment 2 
pmoles moles 
Starting guanine propionate...... 22.0 25.2 
Xanthine (O.D. 265 my)....... 9.3 8.0 
Xanthine (xanthine oxidase).... 8.5 7.0 
Glycine + xanthine............. 21.8 (99%)§ | 22.6 (90%)§ 
Alanine + lactic acid........... 19.9 (91%) 


* By quantitative paper chromatography. 

+t By p-amino acid oxidase and lactic dehydrogenase. 

t Colorimetric determination (7). 

§ The recovery of the purine moiety (the figure in parentheses 
is the percentage of recovery in terms of starting guanine pro- 
pionate). 

q The recovery of the 3-carbon acid moiety. 


propionate. Therefore, the nitrogen of alanine could not have 
been derived from a ring nitrogen and the propionate residue 
must have been on the amino group. 

p-Alanine accounted for 49% of the total alanine in two anal- 
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yses of one of the hydrolysates of guanine propionate.' This 
suggested that the alanine produced by acid hydrolysis was 
racemic mixture. 

Guanine and 1-Lactic Acid, Products of Neutral Hydrolysis of 
Guanine Propionate—At all pH values from 3 to 12, solutions of 
guanine propionate break down to guanine and L-lactic acid, 
With different preparations of the compound, the rate of the 
reaction was different, suggesting that it might be catalyzed by 
an impurity. However, in contrast to the breakdown of 6-suc- 
cinaminopurine and some of its derivatives (16), the addition of 
calcium or ferric ions did not increase the rate. 

Guanine—Guanine was identified by its behavior on Dowex 50 
columns, by paper chromatography with solvent 2, by its ultra- 
violet absorption spectra at various pH values, and by its con- 
version to uric acid by treatment with guanase followed by 
xanthine oxidase. Finally, carrier guanine was mixed with C"- 
guanine propionate of high specific activity. The mixture was 
subjected to hydrolysis and separated on Dowex 50 columns, 
adsorbed to and eluted from charcoal, and separated by paper 
chromatography in two solvents. The spots on the paper corre- 
sponding to guanine were cut out and the radioactivity deter- 
mined. The specific activity expected by the dilution with car- 
rier guanine was 1100 counts per minute per umole. The specific 
activity of the guanine isolated by chromatography with solvent 
2 was 1000 counts per minute per umole, and that of guanine with 
solvent 3 was 1040. 

t-Lactic Acid—Lactic acid was identified by its Rp value on 
paper in 85% propanol-diethylamine, 100:1 (volume for volume) 
(Rr , 0.54; authentic lactic acid, 0.53), and by its reaction with 
crystalline lactic dehydrogenase and the specific colorimetric 
test (7). 

In addition, in one experiment lactic acid was extracted from 
a paper chromatogram and measured by lactic dehydrogenase 
and DPN. The 2,4-dinitrophenylhydrazone of the product was 
prepared (17) and the reaction mixture subjected to paper chro- 
matography in two solvents. With 0.5 m NaOH as the solvent, 
phenylhydrazone spots were observed at Ry values of 0.46 and 
0.60 (authentic pyruvic acid treated in the same way, 0.46 and 
0.60). In n-butanol saturated with 3% NH,OH the pheny!l- 
hydrazone spots were at Rp values of 0.32 and 0.46 (authentic 
pyruvic derivative, 0.31 and 0.45). 

Stoichiometry—Upon refluxing 2.5 wmoles of guanine propio- 
nate for 88 hours in 0.05 m KHCO;, 0.91 uwmoles of guanine 
(assayed by guanase and xanthine oxidase), 1.12 umoles of the 
lactic acid (colorimetric), and 0.91 wmoles of L-lactic acid (en- 
zyme assay) were produced. 


DISCUSSION 


The compound is considered to be a propionic acid derivative 
of guanine (identified as 2(a-propionamino)-6-hydroxypurine) on 
the basis of (a) the formation of guanine and lactic acid on neu- 
tral hydrolysis and the formation of xanthine and alanine by 
hydrolysis in 6 N HCl, (b) the correspondence to the empirical 
formula, and (c) the measurement of equivalent weight by deter- 
mination of the carboxyl group. Evidence for the assignment 
of the 3-carbon unit to position 2 on guanine is summarized as 
follows: (a) the ultraviolet spectra of the compound at all pH 
values except in 6 N HCl agree more closely with those of N’- 


1 The determination of L-alanine using the snake venom oxidase 
was not feasible because of the very slow reaction with L-alanine. 
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methylguanine than with any known guanine derivative; (6) a 
balance of the products of the hydrolysis by 6 n HCl excludes all 
other possibilities (see acid hydrolysis under ‘‘Results”’); and (c) 
the inability to deaminate guanine propionate is strong evidence 
for substitution on the amino group of guanine.” 

In support of this evidence are the following additional find- 
ings. (a) Guanine propionate and N?-methylguanine are the 
only two guanine derivatives studied or found in the literature 
which show a significant elevation of the pK’ of the —CO—NH 
group (Table II). It appears that the amino group and its 
electron-donating substituents in some manner interact with the 
1—6 grouping to repress the ionization. (5b) Guanine propionate 
and N?-methylguanine both show suppression of the 1690 cm-! 
band in the infrared absorption spectrum. This band is assigned 
to the C—O bond stretching in position 6 of guanine (18). In 
turn the N—H stretching band, which is very pronounced in 
guanine, is almost completely suppressed in N?-methylguanine 
and guanine propionate (c). The reaction of the compound 
with the phenol reagent is taken as evidence against attachment 
to one of the imidazole ring nitrogens. While the nature of the 
reacting group is not known, 7 or 9 substituted guanine deriva- 
tives do not give this reaction. In contrast to N?-methylgua- 
nine, guanine propionate did not show a shift in its ultraviolet 
absorption spectrum between pH 1 and 6 nN HCl, was strongly 
positive to the Pauly reaction, and did not form a nitroso deriva- 
tive upon treatment with nitrous acid (21). The fluorescence 
spectrum of guanine propionate was also unlike that of N?- 
methylguanine. The reasons for these differences are not 
known, but possibly they are related to the low pK, of the amino 
group in guanine propionate. 

The group with a pK’ 10.2 corresponds to the group with a 
dissociation constant of 9.2 in guanine, since the dissociations of 
the two groups show very similar effects on the spectra. The 
pK’ of 9.2 generally is assigned to the —CO—NH— group in 
position 1—6 (22). The groups with pK’ values of 3.2 and 1.4 
are tentatively considered to be the carboxyl and amino groups, 
respectively. The lack of absorption at 1845 cm when guanine 
propionate was prepared by precipitation from concentrated 
formic acid followed by drying under vacuum suggests the ab- 
sence of a charged amino group. The method of preparation 
should lead to the isolation of the compound at its isoelectric 
point. Thus if the pK’ of the amino group were higher than 
that of the carboxyl group, both groups would be expected to be 
charged. The presence of a broad peak at 1300 cm- in guanine 
propionate also suggests an uncharged carboxyl group. 

With the present data it is not possible to ascertain the con- 
figuration of the a-carbon of the 3-carbon acid residue. . The 
formation of lactic acid predominantly with the t-configuration 
by the hydrolysis of the guanine propionate does not answer the 
question, since it is not known whether the hydrolysis involves 
an inversion. However, the fact that predominantly one optical 
isomer of lactic acid is produced shows that the guanine propio- 
nate could not have been a racemic mixture originally. Because 


* The results of the chlorine and permanganate oxidations (19, 
20) were not conclusive. These degradations should, in theory, 
yield derivatives of propionic acid which are characteristic of its 
point of attachment to the ring. 

Guanine, N?-methylguanine, 1,3-dimethylxanthine, and 2,4, 5- 
triamino-6-hydroxypyrimidine were found to give the reaction, 
— guanosine, 7-methylguanine, and 1,7-dimethylxanthine 

id not. 
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L-LACTIC ACID DL- ALANINE 
+ + 
GUANINE XANTHINE 
 Guycine 


Fic. 3. The hydrolysis of guanine propionate in 6 Nn HCl and 
in ‘‘neutral’”’ solution. 


of the production of pt-algnine upon hydrolysis of guanine pro- 
pionate with 6 N acid and the apparently close association of the 
carboxyl group with the 1—6 grouping, it is conceivable that this 
hydrolysis might have occurred through the intermediate forma- 
tion of a hydantoin, perhaps produced by the condensation of 
the carboxyl group with the nitrogen in position 1 in the purine 
ring. Hydantoins are known to racemize easily (23). Such a 
cyclization could be analogous to that occurring during the acid 
breakdown of argininosuccinate (24) and postulated for 6-suc- 
cinaminopurine (25).‘: 


SUMMARY 


This paper reports on the structure of guanine propionate, a 
compound isolated from cell-free incubation mixtures of Eremo- 
thecium ashbyit. 

1. Its ultraviolet, infrared, and fluorescence spectra and its 
reaction with various reagents were compared with other guanine 
derivatives. 

2. In water at 100° guanine propionate is hydrolyzed to gua- 
nine and L-lactic acid stoichiometrically, and in 6 N HCl at 100° 
forms xanthine, pi-alanine, and glycine. 

3. On the basis of the stoichiometry of the hydrolytic degrada- 
tions, the lack of deamination by nitrous acid, and some of its 
physical properties, the compound was assigned the structure 
2(a-propionamino)-6-hydroxypurine. 
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The first steps in the biosynthesis of proteins are believed to 
involve the enzymatic activation of amino acids with adenosine 
triphosphate, followed by the transfer of the activated amino 
acids to amino acid-specific ribonucleic acids (for a recent review 
see (1)). The evidence indicates that there is a separate enzyme 
for the activation and transfer of each of the different amino 
acids, and several of these “amino acid-activating enzymes”’ 
have been purified (2-10). The present paper describes the 
purification of the threonine- and tyrosine-activating enzymes 
from rat liver, and includes studies of the effect of potassium 
ions on the activity of the tyrosine enzyme and studies of the 
levels of the two enzymes in the livers of potassium-deficient 
rats. 


EXPERIMENTAL PROCEDURE 


Purification of Threonine- and Tyrosine-activating Enzymes— 
White rats were stunned and decapitated and the livers were 
excised immediately and chilled in ice. Approximately 110 g 
of liver were homogenized in small portions in a Potter-Elve- 
hjem type homogenized with a total of 350 ml of cold 0.05 n po- 
tassium chloride solution. The homogenate was centrifuged in 
the cold for 90 minutes at 78,000 x g (average) in the Spinco 
preparative ultracentrifuge. The supernatant was adjusted in 
the cold to pH 5.1 with cold 1 N acetic acid, and the mixture 
was centrifuged 5 minutes at 10,000 x g. The pellets were re- 
suspended in a total of 150 ml of 0.1 m Tris buffer, pH 7.5, and 
the mixture was centrifuged 5 minutes at 15,000 =x g. The 
supernatant was adjusted in the cold to pH 4.8 with cold 1 N 
acetic acid, and the precipitate sedimented by centrifugation 5 
minutes at 10,000 x g. The pellets from this second precipita- 
tion were resuspended in 40 ml of cold 0.08 m sodium phosphate 
buffer, pH 6.8, and the mixture was centrifuged 5 minutes at 
15,000 x g. The supernatant was diluted with an equal volume 
of cold redistilled water, and the solution was allowed to flow 
through a column (diameter of 16 mm, flow rate up to 40 ml per 
hour) of 2 g of DEAE-cellulose! previously equilibrated with 
0.04 m sodium phosphate buffer, pH 6.8, in the cold room. The 
column was then washed with 0.04 m sodium phosphate, pH 


*This work was supported in part by the National Science 
Foundation (G-4861) and by the National Institutes of Health, 
United States Public Health Service (A-3561). 

‘The abbreviation used is: DEAE-cellulose, diethylamino- 
ethylcellulose. 


6.8, and the first part of the wash was combined with the column 
effluent from the enzyme solution to give a total of 115 ml of 
solution.? 

The combined solution (115 ml) was adjusted, in the cold, to 
55% saturation with ammonium sulfate by the addition of 62 
ml of cold, saturated ammonium sulfate solution containing 
0.62 ml of concentrated ammonium hydroxide, followed by the 
gradual addition, with stirring, of 23 g of solid ammonium sul- 
fate. After all the ammonium sulfate had dissolved, the mixture 
was left in the cold for 15 minutes, and then it was centri- 
fuged for 5 minutes at 15,000 x g. The supernatant was ad- 
justed to 70% saturation with ammonium sulfate by the gradual 
addition, with stirring, of 18.4 g of ammonium sulfate. After 
all the ammonium sulfate had dissolved, the mixture was left 
for 1 hour in the cold, and then it was centrifuged for 5 min- 
utes at 15,000 x g. The pellets were resuspended in a total of 
5 ml of 0.10 m sodium phosphate buffer, pH 6.8, and the mixture 
was centrifuged 5 minutes at 15,000  g. The supernatant was 
dialyzed 1 hour or longer against 0.04 m sodium phosphate 
buffer, pH 6.8. The final solution, a volume of approximately 
6 ml after dialysis, contained both the threonine- and tyrosine- 
activating enzymes. 

Further purification of both enzymes was obtained by chro- 
matography on DEAE-cellulose. <A solution of the 55 to 70% 
ammonium sulfate fraction (containing approximately 3 mg of 
protein) was dialyzed in the cold room against 0.01 m sodium 
phosphate buffer, pH 6.8, and then the solution was allowed to 
flow through a column (diameter of 6 mm) of 50 mg of DEAE- 
cellulose, previously equilibrated with 0.01 mM sodium phosphate, 
pH 6.8, in the cold room. The column was then washed with 
12 ml of 0.015 m sodium phosphate, pH 6.8, and the threonine- 
and tyrosine-activating enzymes were eluted with 12 ml of 0.02 
M and 12 ml of 0.025 m sodium phosphate, pH 6.8. Tyrosine 
activity usually eluted approximately 6 ml ahead of threonine 
activity, but the two enzymes still overlapped. 


2 The alanine-activating enzyme and the ‘“‘soluble’’-fraction 
RNAs can then be isolated from this column as previously de- 
scribed (6). In the preparation of the alanine-activating enzyme 
with the use of recent lots of DEAE-cellulose, it has been observed 
that a slow rate of flow (approximately 5 ml per hour) is required 
if the alanine-activating enzyme is to be retained by the column 
from the 0.04 m sodium phosphate buffer. The ‘‘soluble’’-fraction 
RNAs can also be isolated from the DEAE-cellulose column after 
the short procedure, but the activity of the alanine-activating 
enzyme is poor after the Waring Blendor homogenization. 
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TABLE [| 
Purification of threonine- and tyrosine-activating enzymes 


| Threonine Tyrosine 
& enzyme enzyme 
Fraction Volume > 2 > 
i ase 
mt | | | | | 
Short Procedure 
0.04 m Phosphate solu- 
i 90 | 10 0.01 0.01 
DEAE-Cellulose column 
115 4 0.02 | 100 | 0.02 | 100 
55 to 70% Ammonium 
sulfate fraction........ 6 5 0.18 | 60 0.20; 65 
Long Procedure 
‘‘oH 5 Enzymes’’.......| 150 | 15 0 0.006 
Reprecipitated enzymes 75 | 4 0.03 | 50 | 0.035, 75 
DEAE-Cellulose column 
115 1 0.06 | 38 /0.07! 60 
55 to 70% ammonium sul- | 
fate fraction..... Pawat 6 1 0.4 13 | 0.65 | 29 
DEAE-Cellulose column 
18 0.03; 1.0 3/1.5 6 


* See footnote 3 in text. 


The specific activities of the enzymes at the various stages in 
this long procedure are shown in Table I. 

In the short procedure approximately 100 g of rat liver were 
homogenized 1 minute in a Waring Blendor with 300 ml of cold 
0.05 n potassium chloride solution. The homogenate was cen- 
trifuged 90 minutes in the cold at 78,000 x g (average), and 
the supernatant solution was adjusted, in the cold, to pH 4.8 
with cold 1 N acetic acid. The precipitate was sedimented at 
10,000 x g for 5 minutes, and was resuspended in 100 ml of 
0.04 m sodium phosphate buffer, pH 6.8. After centrifugation 
at 15,000 x g for 5 minutes, the solution was allowed to flow 
through a column (diameter of 16 mm, flow rate approximately 
30 ml per hour) of 2 g of DEAE-cellulose previously equili- 
brated with 0.04 m sodium phosphate buffer, pH 6.8, in the 
cold room. The column was then washed with approximately 
25 ml of 0.04 m sodium phosphate, pH 6.8, and this wash was 
combined with the column effluent from the enzyme solution. 
The combined solution (115 ml) was fractionated with ammo- 
nium sulfate exactly as described above. The dialyzed enzyme 
preparation retained activity for a period of weeks at 0°. 

Assay Procedures—The activities of the enzymes were meas- 
ured by the standard pyrophosphate exchange assay (2), that 
is by determination of the amino acid-dependent incorporation 
of radioactive pyrophosphate into ATP in the presence of the 
enzymes. Unless otherwise indicated, each assay tube con- 
tained 50 umoles of Tris, pH 7.5, 10 umoles of magnesium chlo- 
ride, 10 umoles of potassium ATP, pH 7.0, 10 umoles of potas- 
sium fluoride, 5 uwmoles of potassium pyrophosphate-P”, pH 
7.5, containing 100,000 c.p.m., 2 umoles of amino acid when 
added, 0.5 ml or less of enzyme solution, and water to make 
the total volume 1 ml. The tubes were incubated 10 minutes 
at 37°. 

Levels of Tyrosine- and Threonine-activating Enzymes in Livers 
of Potassium-deficient Rats—A group of weanling white rats was 
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fed a potassium-deficient diet (purchased from General Bio. 
chemicals, Inc.). Control animals were fed the same diet 
supplemented with 1.0% potassium chloride. After the ani. 
mals had been on the diets approximately 3 weeks, the weights 
of the control animals were approximately 13 times those of 
the animals on the potassium-deficient diet. At this time ani- 
mals from the 2 groups were killed and the freshly excised 
livers were immediately chilled in ice and were homogenized 
with 3 volumes of cold 0.35 m sucrose solution in a Potter-E]. 
vehjem type homogenizer. The homogenates were centrifuged 
at 78,000 x g (average) for 90 minutes, and the supernatants 
were adjusted to pH 4.8 with cold 1 N acetic acid. The pre- 
cipitates were sedimented by centrifugation and were resus- 
pended in 0.1 m Tris, pH 7.5, as described above. The fina] 
supernatants were used in assays for the threonine- and tyro- 
sine-activating enzymes. 


RESULTS AND DISCUSSION 


Two procedures for the purification of the threonine- and 
tyrosine-activating enzymes are described. The short proce- 
dure is convenient and gives the enzymes in a readily available 
form which has been found very satisfactory for assays of the 
threonine- and tyrosine-specific RNAs (11). The studies of 
the activation of the tyrosine enzyme by potassium ions, dis- 
cussed below, were carried out with enzyme prepared in this 
way. In the second, or long procedure, the rat livers were 
homogenized in a Potter-Elvehjem type homogenizer instead of 
in a Waring Blendor and certain additional steps were included. 
As indicated in Table I, the long procedure gives enzymes of 
higher specific activity than those obtained from the short pro- 
cedure, but the recovery of activity is less and is very low in 
the final step, chromatography on DEAE-cellulose. Specific 
activities as high as 2 units per mg’ for the threonine enzyme 
and 4 units per mg for the tyrosine enzyme have been obtained 
in the best preparations. These values are lower than the spe- 
cific activity of approximately 7 units per mg reported for the 
purified beef-pancreas tryptophan-activating enzyme (2), which 
is probably the most highly purified activating enzyme that has 
been described. The hog pancreas tyrosine-activating enzyme 
has been purified to a specific activity of approximately 5 
units per mg (3) but this preparation is still contaminated with 
ribonuclease, making it unsuitable for use in the assay of the 
tyrosine-specific RNA. Purification of the guinea pig-liver 
threonine- and tyrosine-activating enzymes has recently been 
described and these enzymes had specific activities of approxi- 
mately 0.9 unit per mg and 0.3 unit per mg, respectively (4). 
The tyrosine-activating enzyme isolated from bakers’ yeast had 
a specific activity of approximately 0.1 unit per mg (9). 

Studies of the tyrosine-activating enzyme isolated from hog 
pancreas (15) have indicated that the enzyme is activated by 
potassium ions.‘ Similar activation has now been found with 
the rat-liver tyrosine-activating enzyme, and the results are 
summarized in Table II. Potassium ions are most effective, 


3 The specific activities are given in international units per mg 
of protein (12), that is, as umole of pyrophosphate exchanged per 
minute per mg of protein under the standard pyrophosphate 
exchange assay conditions. Protein was determined by ultra- 
violet absorption (13) and by the Lowry method (14). ; 

4 The tyrosine-activating enzyme isolated from guinea pig liver 
is apparently also activated by potassium ions, although this has 
not been studied extensively (4). 
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TABLE II 
Activity of tyrosine-activating enzyme in 
presence of various cations 


Concentration of cation added* 

Cation 

0.01 0.10 0.50 

C.p.m c.p.m c.p.m 
Nat 39 14 4 
Kt 370 530 420 
Lit* 24 14 3 
NH,* 56 180 100 
Rbt 180 380 280 
Cst 40 27 14 
Catt | 0 0 0 


* The various cations, at the concentrations listed, were added 
as chlorides to an assay mixture which contained approximately 
0.07 m Nat (added as sodium ATP, sodium fluoride, and sodium 
pyrophosphate). With the standard assay mixture (containing 
potassium ATP, potassium fluoride, and potassium pyrophos- 
phate) a value of 610 c.p.m. was obtained. 


with rubidium and ammonium ions giving partial activation. 
The activation by potassium ions is observed over a 4-fold range 
of concentrations of tyrosine, magnesium chloride, pyrophos- 
phate, and ATP. 

Similar activation by potassium ions is observed in the in- 
corporation of radioactive tyrosine into “soluble’”’-fraction RNA 
catalyzed by the tyrosine-activating enzyme. (In order to 
show an effect of potassium ions on the incorporation of radio- 
active tyrosine into RNA, the enzyme must be limiting; under 
the conditions used for assay of the tyrosine-specific RNA (11), 
enzyme is present in excess and little or no effect of potassium 
ions is observed.) 

Because of the effect of potassium ions on the tyrosine-acti- 
vating enzyme and the fact that potassium deficiency in the 
intact animal leads to cessation of growth and protein synthe- 
sis, it seemed of interest to determine the effect of potassium 
deficiency in the intact animal on the level of the tyrosine-acti- 
vating enzyme. For comparison, the threonine-activating en- 


zyme was also measured, since potassium ions have little effect 
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on its activity. The activities of both activating enzymes were 
slightly higher in preparations from the livers of the potassium 
deficient rats. 


SUMMARY 


A simple procedure is described for the preparation of the 
rat-liver threonine- and tyrosine-activating enzymes in a form 
suitable for use in assays of the amino acid-specific “soluble’’- 
fraction ribonucleic acids. A longer procedure, also described, 
leads to enzymes of moderately high specific activity. It is 
shown that the tyrosine-activating enzyme is activated by po- 
tassium ions, but that potassium deficiency in the intact animal 
has little effect on the activity of the enzyme in preparations 
from rat liver. 
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The first steps in the biosynthesis of proteins are believed to 
involve the enzymatic activation of the amino acids with adeno- 
sine triphosphate (ATP) followed by the transfer of the amino 
acids to amino acid-specific ribonucleic acids (RNA) (for a recent 
review see (1)). Studies of the.separation of the different amino 
acid-specific RNAs by countercurrent distribution have been 
described recently (2-4). Of great interest is the finding that 
certain of the different amino acid-specific RNAs have widely 
different partition coefficients in a two-phase solvent system 
composed of concentrated pH 6 phosphate buffer, formamide, 
and isopropanol. In particular the tyrosine- and valine-specific 
RNAs have partition coefficients that differ by a factor of ap- 
proximately 10. The difference is so great that almost complete 
separation of these amino acid-specific RNAs can be achieved 
in a small countercurrent distribution carried out in only a few 
tubes. The present paper describes in detail such a simple pro- 
cedure for the separation of the tyrosine- and valine-specific 
RNAs. The starting material is yeast ‘‘soluble-RNA”’ prepared 
by a simplified procedure, and a simplified preparation of acti- 
vating enzymes suitable for use in the assay of the tyrosine- and 
valine-acceptor fractions is also described. 


EXPERIMENTAL PROCEDURE 


Preparation of Yeast “Soluble-RN A”’ by Phenol Method—(The 
following preparation is a modification of Monier’s modification 
(5) of the Kirby method (6).) Two pounds of pressed fresh 
Bakers’ yeast (Fleischmann’s, purchased from a local bakery) 
were mixed with 1.2 liters of demineralized water. The mixture 
was placed in a 4-liter glass-stoppered bottle, 1.8 liters of redis- 
tilled phenol saturated with water (78:28) were added, and the 
mixture was shaken on a mechanical shaker for 1 hour. The 
mixture was left in the cold a few hours or overnight and then 
was centrifuged in glass or polyethylene centrifuge bottles in the 
cold at approximately 2700 r.p.m. in the International size 1 or 
2 centrifuge. The aqueous phase (upper layer) was collected 
together with interface material and was recentrifuged. The 
aqueous layer was carefully separated (total volume approxi- 
mately 1400 ml) and was mixed, at room temperature, with 0.1 
of its volume of 20% potassium acetate buffer pH 5, followed 
by 2.5 volumes of cold 95% ethanol. The mixture was stirred 
and left overnight in the cold. The clear supernatant was de- 


* This work was supported in part by the National Science 
Foundation. 


canted, and the precipitate was collected from the remainder of 
the mixture by centrifugation. The precipitate was redissolved 
in 300 ml of 0.1 m Tris-chloride! buffer, pH 7.5 (any undissolved 
material was discarded after centrifugation of the solution). 
After two extractions with an equal volume of ether, the aqueous 
solution was added (flow rate 8 to 10 drops per minute) in the 
cold to a column (3-cm diameter by 15-cm high) of 15 g of DEAE. 
cellulose previously equilibrated with cold 0.1 m Tris-chloride 
buffer, pH 7.5. The column was then washed in the cold with 
1.3 liters of 0.1 m Tris-chloride buffer, pH 7.5, and the RNA was 
eluted with 400 ml of 1.0 m sodium chloride solution in 0.1 x 
Tris-chloride buffer, pH 7.5 (flow rate 5 to 8 drops per minute). 
The first 60 ml of effluent after the addition of the sodium chloride 
solution was “hold-up”? and was discarded, and the remainder 
of the sodium chloride-Tris eluate, containing the RNA, was 
mixed with 3 volumes of cold 95% ethanol and left overnight in 
the cold. The clear supernatant was decanted, and the precipi- 
tate was collected from the remainder of the material by cen- 
trifugation. The precipitate was washed with 80% ethanol and 
with 95% ethanol and was dried in a vacuum. The solid was 
ground and weighed; vield 700 to 800 mg; absorbancy 1.9 for a 
0.01% solution, 1-cm path, at 260 my. (As much as 16 pounds 
of yeast have been processed at one time.) 

Separation of Tyrosine- and Valine-Acceptor Fractions by Siz- 
Transfer Countercurrent Distribution—The two-phase solvent 
system was prepared as follows. A solution of 22.2 g of dipotas- 
sium hydrogen phosphate and 34.8 g of sodium dihydrogen 
phosphate monohydrate was prepared in sufficient 0.001 
magnesium chloride solution to give a total volume of 200 ml, 
and this phosphate solution was mixed, at 25°, with 20 ml of 
formamide (Fisher, reagent grade) and 80 ml of isopropy] alcohol 
(Mallinckrodt, analytical reagent). The yeast soluble-RNA 
gave a gross partition coefficient close to one in this system. 

A six-transfer countercurrent distribution (7, 8) of the yeast 
soluble-RNA was carried out as follows. In a 40-ml glass cen- 
trifuge tube or bottle, 10 ml of the upper phase and 10 ml of the 
lower phase of the solvent system were mixed with 50 mg of the 
yeast soluble-RNA at 25°. At least 15 minutes of occasional 
mixing were allowed for the RNA to dissolve. The tube was 
then centrifuged briefly to separate the two phases. Since the 
partition coefficient is variable with temperature and with slight 


1 The abbreviations used are: Tris, tris(hydroxymethy])amino- 
methane; DEAE-cellulose, diethylaminocthy]-cellulose. 
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changes in the composition of the solvent system, the partition 
coefficient obtained in the initial tube was determined by meas- 
uring the absorbancy at 260 my of aliquots of the two layers 
diluted with water (0.1 ml diluted to 3 ml). If the observed 
partition coefficient differed from 1.0, the volumes of the two 
layers were adjusted so that approximately half of the RNA 
would be present in each of the two layers. Thus, if the observed 
partition coefficient (concentration in the upper layer /concen- 
tration in the lower layer) was 1.1, the volume of the lower layer 
was increased from 10 ml to 11 ml. 

Six other 40-ml centrifuge tubes or bottles were numbered 
from 1 to 6, and 10 ml of lower phase (or a volume equal to. the 
volume of lower phase now in the initial tube, if that volume 
was changed) were added to each tube at 25°. The upper layer 
in the original tube (tube 0) was pipetted into tube 1, and 10 ml 
of fresh upper phase were added to tube 0. The contents of 
each of the two tubes (0 and 1) were mixed, and the tubes were 
centrifuged. The upper layer in tube 1 was then pipetted into 
tube 2, the upper layer in tube 0 into tube 1, and 10 ml of fresh 
upper phase was added to tube 0. The contents of each of the 
three tubes were mixed, and the tubes were centrifuged if neces- 
sary. The upper layers were moved again, each to the next 
tube, and this standard countercurrent distribution procedure 
was continued until the original upper layer was in tube 6, and 
all seven tubes contained both upper and lower layers. The 
contents of the seven tubes were transferred to seven dialysis 
sacks (approximately 24 inches long) of 20/32 Visking cellulose 
tubing previously washed with 0.001 mM potassium ethylenedi- 
aminetetraacetate, pH 7.0, and with water. The dialysis sacks 
were then tied to glass rods in such a way that with the rods 
resting on the top of a 2-liter graduated cylinder, the bottoms of 
the dialysis sacks were supported approximately 3 inches above 
the bottom of the cylinder. The fractions were dialyzed in the 
cold room twice for 1 hour against demineralized water, 3 hours 
against 0.0003 m magnesium chloride solution, 15 hours against 
demineralized water, and 2 hours against glass-distilled water. 
The dialyzed solutions (approximately 50 ml after dialysis) were 
each evaporated to a small volume in a rotary evaporator (bath 
temperature 45°), each fraction was transferred to a small test 
tube by means of a pipette, and the flask was rinsed with water 
to give a total volume of 5 ml for each fraction. Aliquots were 
taken for determination of the absorbancy at 260 my and for 
assays for tyrosine- and valine-acceptor activity. The results 
are shown in Fig. 1. (The RNA fractions could be isolated from 
the aqueous solutions by the addition of three volumes of 95% 
ethanol and 0.03 volume of 1 N sodium chloride solution, or 20% 
potassium acetate pH 5. After the mixtures were left in the 
refrigerator overnight, the precipitates were collected by cen- 
trifugation, washed with 95% ethanol, and dried in a vacuum.) 

Assay of Fractions for Tyrosine- and Valine-Acceptor Activity— 
(The assay procedure is a modification of the procedure of Hoag- 
land et al. (9).) To each assay tube (13- x 100-mm test tubes 
were used) were added 0.05 ml of 0.1 M magnesium chloride 
dissolved in 0.5 m Tris-chloride buffer, pH 7.5; 0.05 ml of 0.05 m 
potassium ATP, pH 7.0; 0.2 ml (approximately 30,000 counts per 
minute under the counting conditions used)? of a 0.5 we per ml 


* There may be sufficient free amino acids in the enzyme prepa- 
ration to dilute the C'4-amino acids and significantly lower their 
specific activity. Under these conditions, higher counts will be 
obtained if more C'4-amino acid is added to each tube. For small 
numbers of assays, or when the cost of the radioactive amino acid 
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Fig. 1. Results of six-transfer countercurrent distribution of 
yeast “‘soluble-RNA’’: A——A, absorbancy at 260 my; O --- O, 
activity for valine; @ —--—- @, activity for tyrosine. The activi- 
ties are plotted on a scale such that the activity of the starting 
material would coincide with its absorbancy. Therefore, the 
specific activity of each fraction is given by the ratio of the ac- 
tivity to its absorbancy. (The starting material gave approxi- 
mately 2000 counts per minute per mg with each amino acid (see 
footnote 2 in text).) 


solution of C'4-amino acid (Nuclear-Chicago Corporation, uni- 
formly labelled, 6 to 10 we per umole); 0.05 ml of 0.01 m potas- 
sium ethylenediaminetetraacetate, pH 7.0; 0.1 or 0.2 ml of the 
solutions of the countercurrent fractions; 0.1 ml of the prepara- 
tion of activating enzymes described below; and water to make 
the total volume 1.0 ml. The tubes were placed in an ice-water 
bath before addition of the enzyme. The contents of the tubes 
were mixed, and the tubes were incubated for 10 minutes at 37°. 
The tubes were placed again in the ice-water bath, 0.3 ml of 2% 
casein solution (prepared by dissolving casein in 1 N potassium 
hydroxide followed by neutralization of the solution to pH 7 
with 1 N acetic acid and dilution to volume) was added, with 
mixing, to serve as carrier, and the casein and the RNA were 
precipitated by the addition of 2 ml of cold 0.6 m perchloric acid. 
The contents of the tubes were mixed thoroughly, and the pre- 
cipitates were sedimented by centrifugation for 1 minute at top 
speed in the International clinical centrifuge. The supernatants 
were decanted, and the precipitates were washed once with 0.2 
mM perchloric acid, once with 0.2 m perchloric acid-95% ethanol 
(1:5), once with 95% ethanol (the ice bath is no longer needed), 
and once with ethanol-ether (3:1). (It is convenient during 
the washing procedure to break up the precipitates with a motor- 
driven Teflon stirrer which has an enlarged end shaped to fit 
the assay tubes loosely. The stirrer is rinsed with solvent after 
use in each tube.) Each of the washed precipitates was finally 
dissolved in 1 ml of 0.1 M ammonium acetate, pH 9, and 0.1 ml 
of a solution of 0.05 mg per ml of ribonuclease was added. After 
10 minutes at room temperature, the casein was reprecipitated 
by the addition of 0.3 ml of 2.5 N acetic acid and 0.3 ml of 95% 
ethanol. After centrifugation, the supernatants were decanted 
into 14- x 35-inch aluminum planchets and were evaporated 


is unimportant, it is desirable to add more (0.2 to 0.3 uc) of the 
C'4-amino acids to each tube. 

Other preparations of the .tyrosine- and valine-activating 
enzymes can, of course, be used. The activating enzymes should 
be present in excess during the assays, so that the counts ob- 
served are proportional to the amount of RNA added. The rat 
liver tyrosine- and valine-activating enzymes are as active with 
veast “soluble-RNA’’ as with rat liver “soluble-RNA.’’ 
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to dryness under an infrared lamp. The planchets were counted 
under a flow window Geiger-Miiller counter. 

Simplified Preparation of Activating Enzymes for Assay of 
Tyrosine- and Valine-Acceptor RNA Fractions—White rats were 
stunned and decapitated, and the livers were removed immedi- 
ately and chilled in ice. Approximately 30 g of liver were homog- 
enized for 1 minute with 200 ml of 0.05 Nn potassium chloride 
solution in a Waring Blendor. The homogenate was centrifuged 
for 15 minutes at 19,000 x g (average) in a refrigerated centri- 
fuge. (A Servall SS-1 in a refrigerator, with the head cooled to 
0°, is satisfactory.) The supernatant was decanted and adjusted 
to pH 5.0 at 0° with cold 1 N acetic acid. The precipitate was 
sedimented by centrifugation at 12,000 x g for 5 minutes and 
was then resuspended in 40 ml of 0.1 m Tris-chloride buffer, pH 
7.5. After centrifugation of the mixture for 5 minutes at 15,000 
x g, the supernatant was adjusted again to pH 5.0, at 0°, and 
the precipitate was sedimented as before. The precipitate was 
resuspended in 12 ml of 0.1 m Tris-chloride buffer, pH 7.5, and 
the mixture was centrifuged again at 15,000 x g. In the cold 
room the supernatant was allowed to flow through a column 
(0.8-cem diameter) of 200 mg of DEAE-cellulose previously 
equilibrated with cold 0.1 m Tris-chloride buffer, pH 7.5. After 
the solution had flowed through the column, the column was 
washed with 3 ml of the Tris buffer, and the combined enzyme 
solution plus wash was dialyzed for 2 hours or longer in the re- 
frigerator against 0.10 m Tris-chloride buffer, pH 7.5. The 
enzyme was stored at 0—5° in a dialysis sack in the Tris buffer, 
or was dialyzed before use, in order to keep the concentration of 
nonradioactive amino acids as low as possible. Activity was 
maintained for about 1 week. 

RESULTS AND DISCUSSION 


- 


The results of the small countercurrent distribution are shown 
in Fig. 1. The tyrosine- and valine-specific RNAs were almost 
completely separated after six transfers. The material reisolated 
from tube 1 had a specific activity for valine which was approxi- 
mately twice that of the starting material, and the material 
reisolated from tubes 5 and 6 had a specific activity for tyrosine 
approximately 23 times that of the starting material. By 
combining the material from tubes 0, 1, and 2, approximately 
60% of the valine-acceptor activity was obtained free of tyrosine 
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activity, and by combining the material from tubes 5 and 6, 
approximately 65% of the tyrosine-acceptor activity was ob. 
tained free of valine activity. On the basis of the results of the 
more extensive countercurrent distribution studies (2-4), it 
it would be expected that activities for other amino acids would 
be found between the peaks of the tyrosine- and valine-specific 
RNAs. Activity for threonine, for example, would be expected 
to overlap the right-hand part of the valine peak, and activity 
for leucine would overlap the left-hand part of the tyrosine peak. 

The ease of separation of the tyrosine- and valine-acceptor 
fractions suggests that there are major structural differences 
between these RNAs. It will be of great interest to determine 
the nature of these differences. The ease of separation also 
encourages the exploration of many other possible fractionation 
techniques, and for this work it will be useful to have the tyrosine. 
and valine-acceptor fractions as samples known to have differing 
properties. ‘The procedures described in this paper make these 
different amino acid-acceptor RNA fractions readily available 
and should stimulate many chemical and fractionation studies of 
these RNAs. 


SUMMARY 


A simplified procedure for the preparation of the tyrosine- and 
valine-acceptor fractions of yeast “soluble ribonucleic acid” is 
described in detail. 
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Carcinostatic activity of 4-(substituted amino)-pyrazolo(3 , 4-d 
pyrimidines was found to be confined to compounds whose basic 
dissociation constants approximated that of adenine (1, 2). In 
addition, the toxicity of 4-aminopyrazolo(3 ,4-d)pyrimidine 
could be reversed by adenine or adenine-containing compounds 
in a number of biological systems (1, 3-7). These findings led 
to the hypothesis that the antineoplastic properties of amino- 
pyrazolo(3,4-d)pyrimidines might be due to interference with 
the utilization of adenine or of an adenine derivative (2). 

This hypothesis stimulated interest in the mode of action of 
4-APP,! and subsequent initial reports from this and other labora- 
tories (7-11) indicated that this compound interfered with purine 
biosynthesis. These findings supported earlier observations that 
4-APP caused a decrease in ribonucleic acid of mouse liver and 
in deoxyribonucleic acid of Sarcoma 180 (12). The present 
communication presents the effects of 4-APP on the utilization 
of isotopic precursors of nucleic acid purines by the Ehrlich 
ascites carcinoma? in vivo. Evidence is presented for the pres- 
ence of two metabolic blocks along the pathway de novo to poly- 
nucleotide purines and for a marked decrease in the rate of amino 
acid uptake into cellular protein. 


EXPERIMENTAL PROCEDURE 


Materials—Swiss female mice,*? weighing approximately 30 g, 
were used for these experiments. ‘These animals were inoculated 
intraperitoneally 6 days before use with 2 xX 10° Ehrlich ascites 
cells. Glycine-2-C™ (Tracerlab, Inc.) was used at a level of 100 
ug (104 c.p.m. per wg); adenine-8-C™ (California Corporation for 
Biochemical Research) at a level of 50 wg (14 X 10‘ c.p.m. per 
ug); L-lysine-U-C’ (Schwartz Laboratories, Inc.) at a level of 
600 ug (5.8 X 10? c.p.m. per ug); sodium formate-C"™ (Tracerlab, 
Inc.) at a level of 90 ug (4.7 < 104 ¢.p.m. per wg); and hypo- 
xanthine-8-C!* (Nuclear-Chicago Corporation) ata level of 50 ug 
(9.4 X 10 c.p.m. per yg). 


1The abbreviations used are: 4-APP, 4-aminopyrazolo(3 ,4-d)- 
pyrimidine; azaserine, O-diazoacetyl-L-serine; lysine-U-C", uni- 
formly labeled lysine-C'4; AIC, 4-amino-5-imidazolecarboxamide 
hydrochloride; and AICR, 4-amino-5-imidazolecarboxamide ribo- 
nucleotide. ~ 

? Sixty-eight per cent inhibition of total packed cell volume, by 
methods previously described (13), was obtained after four con- 
secutive treatments of 20 mg of 4-APP per kg in Ehrlich ascites 
carcinoma (B. A. Booth and A. C. Sartorelli, unpublished results). 

*Obtained from Rockland Farms, New York, New York, and 
from A. R. Schmidt Company, Madison, Wisconsin. 


4-APP (Sigma Chemical Company) was employed at a dose 
level of 30 mg per kg of body weight except as indicated. 

Radiopurity of glycine was established by elution from a 
column of Dowex 50-X4 as described by Moore and Stein (14); 
all the radioactivity was associated with a single ninhydrin-posi- 
tive peak. When adenine-8-C™ and hypoxanthine-8-C™ were 
chromatographed on paper with isopropanol-concentrated hy- 
drochloric acid-water (170:41:39) according to Wyatt (15), each 
gave a single ultraviolet-absorbing spot which contained all the 
radioactivity. Paper chromatography of lysine-U-C™ with the 
pyridine-acetic acid-water (50:35:15) system described by 
Decker and Riffart (16) resulted in a single spot containing all 
the radioactivity. 

-Methods—Six days after tumor implantation, mice were treated 
by intraperitoneal injection with a single dose of 4-APP. After 
the time interval indicated, the appropriate isotope was adminis- 
tered intraperitoneally and allowed to incorporate for 1 hour. 
In some cases, cells were pretreated with 0.2 mg of azaserine per 
kg of body weight before drug and isotope administration. Con- 
trol mice received no drug, but a comparable volume of isotonic 
saline was injected before the isotopic substrate. At the end 
of the incubation period, cells were harvested, and the nucleic 
acid purines and acid-soluble adenine were isolated and analyzed 
as described by LePage (17), except that all nucleic acid adenine 
and acid-soluble adenine samples were further purified from 
contaminating 4-APP by paper chromatography in Wyatt’s 
solvent system (15). Radioactivity was measured with a 
Nuclear-Chicago model D47 windowless gas flow counter. 

The residue remaining after removal of nucleic acids was 
washed twice with 0.2 m perchloric acid, once with 70% ethanol, 
twice (with constant stirring) for 20 minutes with absolute 
ethanol in a water bath (75-80°), and twice with absolute ether. 
Four volumes of solvent were routinely used. The residual 
protein was dried overnight in a vacuum dessicator, plated on 
tared aluminum planchets, and radioactivity was determined as 
previously described. 


RESULTS 


Physicochemical similarities between adenine and 4-APP have 
been described (2). To determine whether growth-retarding 
properties of 4-APP were accompanied by alterations in the 
utilization of preformed adenine, the incorporation of labeled 
adenine into mixed nucleic acid purines and acid-soluble adenine 
of Ehrlich ascites cells was measured after a dose of 4-APP. No 
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TABLE I[ 


Incorporation of adenine-8-C'4 into purines of 
Ehrlich ascites cells treated with 4-APP 


Tumor-bearing mice were each treated by intraperitoneal in- 
jection with 30 mg of 4-APP per kg of body weight. Five minutes 
and 1 hour after drug administration, 50 ug of adenine-8-C" (14 X 
10‘ c.p.m. per wg) were injected per mouse and allowed to be in- 
corporated for 1 hour. The zero time point represents the re- 
sults obtained with control mice which received an injection of 
isotonic saline 1 hour before radioactive substrate. Each value 
represents the average of results obtained from the separate 
analyses of ascites cells from eight animals. 


Specific activity 
Time after 4-APP 
NA* guanine | NA adenine AS adenine 
min c.p.m./pmole XK 1072 
0 7.4 + 1.0T 101.7 + 7.6 1381 + 46 
5 8.2 + 1.5 91.7 + 9.6 1248 + 30 
60 9.0 + 1.5 84.1 + 11.2 1480 + 176 


* NA, nucleic acid; AS, acid-soluble. 
t+ Standard deviation of the mean. 
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Fig. 1. Inhibition of incorporation of glycine-2-C™ into nucleic 
acid guanine of Ehrlich ascites carcinoma cells. Tumor-bearing 
mice were each treated by intraperitoneal injection with varying 
doses of 4-APP. One hour after drug administration, 100 ug of 
glycine-2-C™ (104 c.p.m. per ug) were injected per mouse and al- 
lowed to be incorporated for 1 hour. Each point represents the 
average of results obtained from the separate analyses of ascites 
cells from five to eight animals. Vertical lines indicate the stand- 
ard deviation of the mean. 


significant effect could be found under the conditions employed 
(Table I). 

The effect of 4-APP on the biosynthesis of purines de novo 
was also determined with glycine-2-C" incorporation into poly- 
nucleotide purines as a measure of this pathway. Varying con- 
centrations of 4-APP were administered 1 hour before exposure 
to the radioactive substrate. Fig. 1 shows the increasing in- 
hibition of incorporation of glycine into mixed nucleic acid 
guanine which accompanied an increasing quantity of drug. 
This inhibition reached a maximum at 20 mg per kg of body 
weight. Comparable inhibition was observed upon analyses of 
both mixed nucleic acid adenine and acid-soluble adenine. 

The duration of inhibition of purine formation de novo by 
4-APP was determined and is shown in Table II. In this and 
in subsequent experiments, an arbitrary level of 30 mg per kg 
was selected as the test dose. Inhibition of glycine incorpora- 
tion into polynucleotide purines occurred at the earliest time 
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measured (5 minutes) and was present for up to 6 hours after 
exposure to drug. By 12 hours, a normal rate of synthesis of 
purines de novo appeared to have been restored. 

To determine whether 4-APP was simulating the demonstrated 
capacity in vitro of adenine to function as a feed-back inhibitor 
of purine synthesis de novo in these ascites cells (17, 18), a 30 
mg per kg dose of adenine was administered before the radio. 
active glycine. No inhibition of biosynthesis de novo as meas- 
ured by glycine incorporation into polynucleotide guanine was 
found in this test system in vivo. 

The essentially equal inhibition of both polynucleotide adenine 
and guanine when glycine-C™ was used suggested a block before 
formation of inosine-5’-phosphate. In an attempt to localize 
the site of purine inhibition by 4-APP, other isotopic substrates 
were employed in the ascites cell system. When radioactive 
formate, which is utilized for the formylation of both a-N- 
glycinamide ribonucleotide and AICR, was used as a measure of 
the pathway de novo, 4-APP treatment resulted in an inhibition 
of isotope incorporation into nucleic acid and acid-soluble purines 
(Table III). Treatment with the glutamine antagonist, aza- 
serine, before formate-C' caused essentially complete inhibition 
of incorporation into purines. Exposure to 4-APP after treat- 
ment with azaserine resulted in adenine-containing compounds 
of a higher specific activity than was found with azaserine treat- 
ment alone. 

To limit the number of metabolic reactions measured, AIC 
was injected simultaneously with formate-C™ to serve as an 
acceptor molecule. Retardation of the incorporation of formate 
into purines in the presence of AIC was obtained after exposure 
to 4-APP; the inhibition was of the same magnitude as that 
obtained with glycine-C'. To prevent or minimize the reaction 
of formate with a-N-glycinamide ribonucleotide, cells were 
pretreated with azaserine before 4-APP treatment and isotope 
administration. Considerable incorporation of formate-C', and 
presumably AIC, into polynucleotide purines was found in 


TaBLeE 
Incorporation of glycine-2-C'4 into purines of 
Ehrlich ascites cells treated with 4-APP 

Tumor-bearing mice were each treated by intraperitoneal in- 
jection with 30 mg of 4-APP per kg of body weight. At the desig- 
nated time after drug administration, 100 wg of glycine-2-C™ 
(104 c.p.m. per ug) were injected per mouse and allowed to be in- 
corporated for 1 hour. The zero time point represents the results 
obtained with control mice which received an injection of isotonic 
saline 1 hour before radioactive substrate. Each value represents 
the average of results obtained from the separate analyses of 
ascites cells from eight to 17 animals. 


Specific activity 


Time after 4-APP 


NA* guanine NA adenine AS adenine 
c.p.m./pmole X 1072 
0 4.5 + 0.5f 3.2 + 0.4 82.4 + 5.2 
5 min 2.0 + 0.3 2.8 + 0.3 36.8 + 5.3 
60 min 1.0 + 0.3 1.0 + 0.2 26.1 + 5.1 
3 hrs 2.2 + 0.1 2.8 + 0.3 80.6 + 10.6 
6 hrs 2.0 + 0.4 2.2 + 0.2 64.4 + 7.4 
12 hrs 5.8 + 0.5 4.4 + 0.6 90.4 + 9:1 


* NA, nucleic acid; AS, acid-soluble. 
t Standard deviation of the mean. 
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qgaserine-pretreated cells. Treatment with 4-APP after aza- 
serine resulted in a decreased utilization of formate for nucleic 
acid guanine formation, with no significant decrease in the rate 
of incorporation into nucleic acid and acid-soluble adenine as 
compared with that resulting from azaserine treatment. Since 
these findings suggested the presence of a block after the forma- 
tion of IMP, the effect of 4-APP on the conversion of hypo- 
santhine-8-C" to polynucleotide purines was measured (Table 
III). The results indicated that 4-APP did not decrease the 
rate of hypoxanthine conversion to guanine. An increased rate 
of hypoxanthine incorporation into the adenine nucleotides was 
produced by drug exposure. 

Analyses of residual protein suggested that 4-APP produced 
an inhibitory effect on protein biosynthesis. The results are 
shown in Table IV. Glycine-2-C' incorporation into protein 
was decreased 1 hour after administration of 4-APP, with in- 
hibition reaching a maximum greater than 50% at 6 hours. By 
12 hours after administration of 4-APP, the incorporation of 
labeled glycine was restored to the control level. The possibility 
that inhibition was a reflection of an altered metabolic disposition 
of glycine appeared to be eliminated by employing lysine-C™ 
as a determinant of protein synthesis. A more pronounced and 
more prolonged inhibition was found with the use of this essential 
amino acid. 


TABLE III 


Incorporation of labeled precursors into purines 
of Ehrlich ascites cells treated with 4-APP 


Tumor-bearing mice were each treated by intraperitoneal in- 
jection with 30 mg of 4-APP per kg of body weight as indicated. 
Azaserine at a level of 0.2 mg per kg was injected when indicated, 
30 minutes preceding 4-APP. One hour after 4-APP adminis- 
tration, radioactive isotopes were injected and allowed to be in- 
corporated for 1 hour. Substrate concentration per mouse: 90 
ug of sodium formate-C"4 (4.7 X 104 c.p.m. per ug); 200 ug of AIC 
(administered simultaneously with radioactive formate); and 
50 ug of hypoxanthine (9.4 X 103 c.p.m. per wg). Values for for- 
mate-C'4 represent the average of results obtained from the 
separate analyses of ascites cells from four animals. Values for 
formate-C'* + AIC and for hypoxanthine-8-C'™ represent the 
average of results obtained from the separate analyses of ascites 
cells from eight to 13 animals. 


B. A. Booth and A. C. Sartorelli 


Specific activity 
Substrate 
NA®* guanine NA adenine AS adenine 
c.p.m./pmole 10-2 
Formate-C™ —| —/64.1 + 19.77/40.4 + 9.5) 981.2 4+ 135 
Sax +/22.1 + 5.0 (21.7 + 3.4) 391.5 + 51.8 
-|1.4+0.2 |0.4+0.0) 10.04 1.3 
+} 1.2 + 0.3 1.1 + 0.6 21.5 + 3.6 
Formate-C'4 + | —| —|71.3 + 9.1 (58.6 + 8.711090 + 145 
AIC —| +/14.4 4+ 3.9 (14.3 + 2.6) 317.9 + 52.5 
+| —|96.6 + 13.7 |34.5 + 4.0] 631.4 + 61.0 
+/33.5 + 5.3 + 5.3) 520.8 + 43.9 
Hypoxanthine- | —| —/22.1 + 1.1 (21.9 + 2.0) 335.1 + 16.5 
8-Ci4 —| +/26.4 4+ 1.9 (35.3 + 4.0) 630.0 + 42.3 


* NA, nucleic acid; AS, acid-soluble. 
t Standard deviation of the mean. 


TaBLe 


Incorporation of radioactive amino acids into protein 
of Ehrlich ascites cells treated with 4-APP 


Tumor-bearing mice were each treated by intraperitoneal in- 
jection with 30 mg of 4-APP per kg of body weight. At the desig- 
nated time after drug administration, 100 ug of glycine-2-C'4 
(10¢ c.p.m. per or 600 ug of lysine-U-C (5.8 X 10? c.p.m. per 
ug) were injected per mouse and allowed to be incorporated for 
lhour. The zero time point represents the results obtained with 
control mice which received an injection of isotonic saline 1 hour 
before radioactive substrate. Each value represents the average 
of results obtained from the separate analyses of ascites cells 
from four to eight animals. 


Specific activity 


Time after 4-APP 


From glycine-2-C'™ From lysine-U-C'% 


Ars c.p.m./mg protein 
0 1186 + 138* 468.6 + 105 
1 951.7 + 171 366.6 + 56.0 
3 785.0 + 59.1 246.8 + 83.6 
6 556.8 + 41.2 149.2 + 24.2 
12 1198 + 133 248.8 + 22.7 


* Standard deviation of the mean. 


DISCUSSION 


4-APP has been shown to be capable of interfering with the 
biosynthetic formation of purines in several test systems (7-11). 
The data presented in this paper, obtained with the use of the 
Ehrlich ascites carcinoma, demonstrated the presence of enzymes 
sensitive to 4-APP on the pathway de novo of purine biosynthesis. 
An essentially equal depression of the rate of glycine-2-C™ in- 
corporation into the nucleic acid purines adenine and guanine 
was obtained, suggesting the presence of a 4-APP-induced block 
on the pathway de novo before the formation of the key inter- 
mediate, IMP. These findings were in agreement with the 
observation by Gots and Gollub (8) that the adenine analogue 
decreased the rate of AICR formation by Escherichia coli strain 
B-96. Inan attempt to localize the site of 4-APP inhibition on 
this pathway, other radioactive substrates capable of measuring 
purine synthesis de novo were used. Since one of these labeled 
substrates, formate-C"™, is utilized at two sites in the sequence 
de novo, low levels of azaserine were used to prevent the partici- 
pation of metabolic reactions before a-N-formylglycinamide 
ribonucleotide. Azaserine treatment caused an almost complete 
suppression of the incorporation of labeled formate into the 
polynucleotide purines, suggesting that only a low level of 
exchange occurs between formate and IMP in these cells. The 
addition of AIC to serve as an acceptor molecule for the formate- 
C™ restored the rate of formate incorporation into purines in 
azaserine-treated cells, suggesting that AIC was being utilized 
for purine formation. Administration of 4-APP after azaserine 
pretreatment resulted in an inhibition of incorporation into 
polynucleotide guanine, whereas no significant decrease in the 
rate of formate utilization for adenine nucleotides was obtained. 
These data are consistent with the presence of two metabolic 
blocks on the pathway de novo; one before the formation of 
AICR, and the second presumably after the formation of IMP. 
The fallibility of this interpretation was apparent when it was 
observed that 4-APP did not inhibit the conversion of hypo- 
xanthine-8-C™ to nucleic acid guanine or adenine. It was con- 
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ceivable that hypoxanthine and glycine were not converted to 
the same hypoxanthine-containing nucleotide or that one pro- 
ceeded to inosine before apportionment to adenine and guanine. 
It was also possible that both substrates did proceed through 
IMP and that the results obtained were an expression of cellular 
compartmentalization. A third possibility was that 4-APP 
prevented the conversion of AICR to IMP. A metabolic bypass 
by which the condensation product of AICR and aspartic acid 
could be formylated and converted to AMP without passing 
through IMP would explain the presence of inhibition of formate- 
C* incorporation into guanine without concurrent inhibition of 
adenine in cells treated with azaserine and 4-APP. Such a 
pathway in pigeon liver homogenates was suggested by Carter 
and Cohen (19). 

The inhibitory effect found on incorporation of labeled amino 
acids into protein of Ehrlich ascites cells is in contrast to that 
reported by other workers in a bacterial system (7). The results 
obtained in the present study with both a nonessential and an 
essential amino acid would suggest that 4-APP is interfering 
with protein synthesis rather than altering the metabolic dis- 
position of a given amino acid. The action of 4-APP on residual 
protein differed from the effect of the drug on purine formation 
in that inhibition of purine synthesis reached a maximum 1 
hour after the drug dose, whereas maximal retardation of protein 
formation occurred 6 hours after the drug. 

Finally, it cannot be concluded from these data that 4-APP 
per se is the active inhibitor. The adenine analogue is extensively 
metabolized by the intact rat (20) and by enzyme preparations 
from a number of mammalian tissues (9, 21, 22). Indeed, one 
of these metabolites, 4-amino-6-hydroxypyrazolo(3 ,4-d) pyrimi- 
dine has been reported to be a more effective inhibitor of xan- 
thine oxidase than is 4-APP (23). 


SUMMARY 


Experiments carried out with the Ehrlich ascites carcinoma 
to study some of the metabolic effects of 4-aminopyrazolo(3 , 4-d)- 
pyrimidine have been described. It has been demonstrated that 
this compound exerts an inhibitory effect on both purine bio- 
synthesis de novo and protein biosynthesis. 

Sites of inhibition by 4-aminopyrazolo(3 ,4-d)pyrimidine on 
the pathway de novo of purine formation have been partially 
localized by measuring the effect of the analogue on the rate of 
utilization of isotopic precursors of polynucleotide purines. A 
site of inhibition occurs before the formation of 4-amino-5-im- 
idazolecarboxamide ribonucleotide and is characterized by an 
essentially equal decrease in the uptake of glycine-2-C' and 
formate-C™ into both polynucleotide adenine and guanine. A 
second site of inhibition, measured by limiting synthesis de novo 
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with O-diazoacetyl-L-serine, occurs after the formation of 4 
amino-5-imidazolecarboxamide ribonucleotide. The block jg 
characterized by a decrease in the incorporation of formate-Cu 
into polynucleotide guanine in the presence of 4-amino-5-im- 
idazolecarboxamide with no concomitant decrease in its incorpor- 
ation into polynucleotide adenine. 
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In 1908, Rosenthaler (1) described an enzyme in almonds 
which under appropriate conditions catalyzes the asymmetric 
synthesis of dextrorotatory benzaldehyde cyanohydrin. This 
enzyme, which he named oxynitrilase, was subsequently shown 
to occur in other higher plants (2, 3). Other workers (4, 5) did 
not accept the existence of an enzyme of this nature. Instead 
they attributed the asymmetric synthesis to the presence of 
nonprotein impurities bearing asymmetric centers. Albers and 
Hamann (6) subsequently established that the enzymatic forma- 
tion of the dextrorotatory cyanohydrin from benzaldehyde and 
HCN occurred in the presence of crude enzyme preparations 
fomalmonds. They stressed, however, that nonenzymatic syn- 
thesis of the racemic mixture occurred simultaneously. The 
early literature on the occurrence of oxynitrilase and its relation 
to the general problem of asymmetric synthesis has been re- 
viewed (7, 8). 

During a study of the biosynthesis of dhurrin, the cyanogenic 
glycoside (p-hydroxymandelonitrile-6-p-glucoside) of Sorghum 
rulgare (9, 10), an enzyme was observed which catalyzes the 
following reaction: 


H 


The enzyme has been purified approximately 175-fold from etio- 
lated sorghum seedlings. Some of its properties will be de- 
scribed. 


EXPERIMENTAL PROCEDURE 


Materials—The cyanohydrins of p-hydroxybenzaldehyde, o- 
hydroxybenzaldehyde, and vanillin were prepared as described 
by Ladenburg et al. (11). Method I of Buck (12) was followed 
for the preparation of m-hydroxybenzaldehyde cyanohydrin. 
Benzaldehyde cyanohydrin was prepared as described by Har- 
tung (13). Benzaldehyde and o-hydroxybenzaldehyde were 
purified by distillation; the other aldehydes were recrystallized 
fom suitable solvents. Calcium phosphate gel was prepared 
according to Keilin and Hartree (14). 


*This study was supported in part by a research grant (RG- 
3301) from the National Institutes of Health, United States Pub- 
lic Health Service. A preliminary report of this work was given 
— 9th International Botanical Congress, Montreal, August, 
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d’Outre Mer, 6, rue du General Clergerie, Paris, 16!e™e, France. 


Three-day-old etiolated seedlings of Sorghum vulgare (var. 
Honey Drip) were obtained from seed purchased from Germains, 
Inc. of Fresno, California by a procedure described elsewhere (9). 

Oxynitrilase Assay—The activity of the oxynitrilase was fol- 
lowed by measuring the decomposition of the cyanohydrin of p- 
hydroxybenzaldehyde. As shown in Fig. 1, the absorption spec- 
trum of p-hydroxybenzaldehyde exhibits a maximum at 285 my 
(a, = 1.48 X 10‘) in 0.1 M acetate buffer pH 5.4. Since the 
absorption of p-hydroxybenzaldehyde cyanohydrin is negligible 
at this wave length (Fig. 1), the conversion of the cyanohydrin 
to its aldehyde and HCN can be followed at pH 5.4 by measuring 
the increase in light absorption at 285 mu. Because of the large 
absorbancy of p-hydroxybenzaldehyde at this wave length, the 
concentration of cyanohydrin which may conveniently be stud- 
ied is approximately 2 K 10-‘m. At this concentration, the 
cyanohydrin will be almost completely decomposed when equi- 
librium is reached (15). 

The oxynitrilase assay was carried out in a reaction mixture 
containing enzyme and 2 X 10-4 m cyanohydrin in 0.1 M acetate 
buffer pH 5.4. The reaction was initiated by addition of the 
cyanohydrin to the mixture in a silica cuvette, after which the 
absorbancy was measured at intervals of 1 minute for 5 minutes. 
Since the cyanohydrin also decomposes slowly at pH 5.4 in the 
absence of enzyme, the rate of the apparent enzymatic reaction 
had to be corrected for nonenzymatic decomposition. When 
this correction was made, the rate of the enzymatic reaction was 
constant for several minutes and was proportional to the amount 
of enzyme used (Fig. 2). The unit of oxynitrilase activity was 
defined as that amount of enzyme which catalyzes an increase in 
absorbancy at 285 my of 0.001 absorbancy unit per minute. 
Under the conditions described, 20 to 100 units of enzyme were 
usually taken for analysis. 

Although p-hydroxybenzaldehyde cyanohydrin decomposed at 
a measurable rate in acetate buffer pH 5.4, at room temperature, 
the decomposition was negligible in H.O at 0°. For convenience, 
therefore, a fresh solution of the cyanohydrin (2 XxX 10-* m) 
was prepared each day and was stored in an ice bath until used. 

To determine the substrate specificity of sorghum oxynitrilase, 
it was first necessary to determine the light absorption of the 
aldehyde component of the different cyanohydrins examined. 
The conversion, if any, of the cyanohydrin to free aldehyde and 
HCN was then followed at the wave length at which the alde- 
hyde exhibited maximal light absorption. 

Analytical Methods—In the absence of interfering substances, 
p-hydroxybenzaldehyde was measured spectrophotometrically in 


207 


of 4 

k is 

5-im- 

n 

for a 

Mrs 
G, C. 

ancer 

"hem. 

riol., 

ics & 

» 422 

odera- 

Proe. 

Med., 

D., 

4 ssoc. 

odera- 

1, 139 

h, 2, 

1954). 

1950). 


208 Oxynitrilase of Sorghum vulgare Vol. 236, No. } 


Oy x 
° 
@ 


230 240250 260 270 280 
WAVELENGTH ( 

Fic. 1. Absorption spectra of p-hydroxybenzaldehyde (O) and 
p-hydroxybenzaldehyde cyanohydrin (@) in 0.1 m acetate buffer 
pH 5.4. Since the cyanohydrin slowly decomposes at pH 5.4, 
its spectrum was measured at different wave lengths on successive 
samples within 3 to 4 minutes after dissolving the cyanohydrin in 
buffer. 
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Fia. 2. Assay for oxynitrilase. The standard assay conditions 
described under ‘‘Experimental Procedure’’ were employed. At 
zero time, the cyanohydrin was added to cuvettes containing 
buffer and 0.1 or 0.2 ml of the enzyme. A third cuvette without 
enzyme was read to measure the nonenzymatic decomposition of the 
cyanohydrin; the blank contained buffer only. All readings were 
corrected to 0.000 absorbancy at zero time. The rates of the en- 
zymatic decomposition of the cyanohydrin, when corrected for the 
nonenzymatic decomposition, were 0.032 and 0.066 units per minute. 
The samples therefore contained 32 and 66 units of oxynitrilase 
activity. 


0.1 M acetate buffer pH 5.4 (ay = 1.48 X 10*); Beer’s law was 
obeyed up to a concentration of 1.2 X 10-4 m. 
Protein was determined according to Lowry e¢ al. (16). 


Purification of Oxynitrilase 


Step 1—Epicotyls (390 g) from 3-day-old etiolated sorghum 
seedlings were frozen with liquid nitrogen and ground, while 
frozen, to a fine powder with a mortar and pestle. When the 
ground plant material had melted, it was suspended in approxi- 
mately 4 times its weight of 0.01 m phosphate buffer pH 7.4 at 
4° and allowed to stand with occasional stirring for 1 hour. The 


suspension was then centrifuged at 4° for 10 minutes at 17,000 x 
g, and the supernatant solution (1590 ml) was decanted. 

Step 2—The supernatant solution from Step 1 was heated to 
60° in order to denature protein impurities. Conditions were 
chosen so that approximately 10 minutes were required to raise 
the temperature to 60°. The solution was maintained at this 
temperature for 10 minutes and then cooled to 4° in 5 minutes, 
The suspension was centrifuged at 17,000 x g for 10 minutes 
and the precipitate discarded. All subsequent steps were car. 
ried out at 4°. 

Step 3—The pH of the supernatant solution from Step 2 was 
adjusted to pH 5.4 with 1.0 m H3PQ, (approximately 6.0 ml) and 
then was centrifuged at 17,000 X g for 10 minutes. The pre. 
cipitate obtained was discarded. The volume of the supernatant 
solution was 1540 ml. 

Step 4—Solid (NH4) SO, (482 g) was added to the supernatant 
solution from Step 3 to obtain a solution 50% saturated with 
the salt. The precipitate was collected by centrifugation at 
17,000 x g for 15 minutes and dissolved in enough distilled water 
to give a volume of approximately 106 ml. The enzyme readily 
dissolved in H.O, but some protein denatured by the salt treat- 
ment was removed by centrifugation to yield a water-clear solu- 
tion (101 ml) which contained the oxynitrilase. 

Step 5—The enzyme solution from Step 4 was carefully ad- 
justed to pH 7.4 with 1.0 n NaOH (1.3 ml), and 17.3 ml ofa 
calcium phosphate gel suspension (25 mg dry weight per ml) 
were added. The weight of the gel added was approximately 6 
times the weight of the protein in the solution. After 15 min- 
utes, the gel was separated by centrifugation at 5000 xX g for 
10 minutes and discarded. The supernatant solution was then 
adjusted to pH 5.4 with 1.0 m H3PQ,. and another 17.3 ml of 
calcium phosphate gel suspension were added. After 15 min- 
utes, the gel was collected by centrifugation at 5000 x g for 10 
minutes and the supernatant solution was discarded. The gel, 
with the enzyme adsorbed, was washed by suspension with 20 
ml of 0.1 M acetate buffer pH 5.4. After collection by centrifu- 
gation, the gel was suspended in 13 ml of 0.1 M phosphate buffer 
pH 7.4 for 10 minutes. The enzyme was eluted by this treat- 
ment, and the gel was centrifuged and discarded. The pH of 
the supernatant solution (12 ml) which contained the enzyme 
was then determined and adjusted to 7.4 if necessary. 

Step 6—Solid (NH4)2SO, was added to the enzyme solution 
from Step 5 to bring the salt concentration to 45% of satura- 
tion. A precipitate which formed after 15 minutes was re- 
moved by centrifugation and discarded. Additional (NH,)S0, 
was then added to raise the degree of saturation to 70%. The 
precipitate which formed was dissolved in 0.1 M acetate buffer 
pH 5.4 (approximately 1.0 ml) and stored at this pH until used. 

The results of a typical isolation are shown in Table I. In 
this experiment, the enzyme was purified 176-fold with a yield 
of 15% from the original extract. The properties of sorghum 
oxynitrilase were determined with enzyme from the preparation 
described in Table I or from other preparations of comparable 
specific activity obtained by the same procedure. 

Comments on Purification Procedure—Sorghum plants contain 
a soluble B-glucosidase which catalyzes the hydrolysis of the 
cyanogenic glycoside, dhurrin, found in these plants (9). This 
enzyme, which is readily extracted from sorghum epicotyls, is 
inactivated by the heating procedure described as Step 1 of the 
oxynitrilase purification procedure. 
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TABLE 
Summary of purification procedure 
Step Description Yield 
% 
I | Initial extract 13,710,000 4,940 | 100 
Il | Supernatant after heat | 13,000,000 4,960 95 
denaturation 
Ill | Supernatant after pre- 12,400,000 6,760 | 90 
cipitation at pH 5.4 
IV | lst (NH,4)2SO,. precipi- | 10,500,000 | 96,200 | 72 
tate 
V | Supernatant eluted from | 4,090,000 | 315,000 | 36 
calcium phosphate gel 
VI | 2nd (NH,4)2SO,4 precipi- | 2,100,000 868,000 15.5 
tate 


The concentration of (NH,)2SO, required to precipitate the 
oxynitrilase of sorghum is dependent on the pH. At pH 5.4, the 
enzyme is precipitated between 30 and 50% saturation with 
(NH,)2SO4. At pH 7.4, however, the enzyme is not precipitated 
until concentrations between 50 and 70% of saturation are ob- 
tained. Advantage is taken of this fact in Steps 4 and 6. 

At pH 7.4, sorghum oxynitrilase is not adsorbed on calcium 
phosphate gel, but inert proteins are. When the gel was mixed 
with the enzyme at pH 7.4 in Step 5, some purification resulted. 
In addition, the gel that is obtained in this step and subsequently 
is discarded was colored light brown from adsorption of impuri- 
ities. 

RESULTS 


Properties of Sorghum Oxynitrilase 


Substrate Specificity—The substrate employed in the purifica- 
tion of sorghum oxynitrilase was the racemic mixture of cyano- 
hydrins of p-hydroxybenzaldehyde. That the sorghum enzyme 
catalyzed the decomposition of only one of the enantiomorphs 
was demonstrated in the following manner. A solution of 0.04 
umole of p-hydroxybenzaldehyde cyanohydrin in 1.0 ml of 0.1 M 
acetate buffer, pH 5.4, was treated with an excess of enzyme. 
The increase in absorbancy at 285 my was followed and compared 
with a similar sample which lacked enzyme. After 15 minutes, 
the enzymatic decomposition of the cyanohydrin was complete 
and the rate of nonenzymatic decomposition in the two samples 
was the same. At this point the absorbancy of the cuvette 
containing enzyme was 0.290 unit greater than that of the sam- 
ple lacking the enzyme. This corresponds to 0.0196 umole of 
p-hydroxybenzaldehyde (see Fig. 1) and represents the amount 
of cyanohydrin decomposed by the excess of oxynitrilase. This 
amount of aldehyde corresponds in turn to approximately one- 
half (49%) of the cyanohydrin added initially, and represents 
the decomposition of one of the two enantiomorphs present in the 
racemic substrate. No attempt was made to determine which 
of the enantiomorphs is acted upon by the sorghum enzyme. 

The ability of sorghum oxynitrilase to catalyze the decompo- 
sition of the cyanohydrins of several other aromatic aldehydes 
was also examined. At a concentration of 2 < 10-4 M in the 
standard assay, the cyanohydrin of vanillin was decomposed 
enzymatically at 20% of the rate observed with p-hydroxybenzal- 
dehyde cyanohydrin. Cyanohydrins of the following aldehydes 
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were not acted upon when tested at the concentration indicated: 
m-hydroxybenzaldehyde, 2 10-4 mM; o-hydroxybenzaldehyde, 
2 < 10-4m;and benzaldehyde, 10-*m. At these concentrations, 
the cyanohydrins of these aldehydes did not inhibit the oxyni- 
trilase in its action on p-hydroxybenzaldehyde cyanohydrin. 

pH Optimum—The pH optimum of the oxynitrilase of Sorg- 
hum vulgare was found to be 5.0 (Fig. 3). The range of pH 
values examined was 3.15 to 6.3 with acetate or phosphate buffers 
being used. Although the enzyme still possessed activity at 
pH 6.3, accurate determination of the activity above this pH 
was difficult because of the rapid nonenzymatic decomposition 
of the substrate at the higher pH. 

Substrate Concentration—The effect of substrate concentration 
on the initial rate of the enzyme-catalyzed reaction was deter- 
mined. When the data were treated as recommended by Line- 
weaver and Burk (17), a Michaelis-Menten constant of 5.5 xX 
10-4 m was calculated. No attempt to measure the rate of the 
enzyme reaction at concentrations of substrate greater than 
8 X 10-4 m was made because of the velocity of the reaction. 

Inhibitors—The action of numerous enzyme inhibitors on 
sorghum oxynitrilase was examined. The following were with- 
out effect or showed less than 10% inhibition at a concentration 
of 10-4 M: iodoacetamide, p-chloromercuribenzoic acid; a,a’- 
dipyridyl, o-phenanthroline, and phenylthiourea. The action of 
several inorganic salts was examined, and 10-? mM NaCN and 
10-* m FeSO, showed little or no effect. However, 10-4 m 
Fe.(SO,)s inhibited 40% and 10-* m CuSQ, inhibited approxi- 


nan 


Fic. 3. Optimal pH for sorghum oxynitrilase. The enzyme 
activity was measured as described under ‘‘Experimental Proce- 
dure.’’ The values were measured in 0.1 m acetate buffer (@) 
and in 0.1 m phospate buffer (X). 


II 
Oxynitrilase content of different tissues 


Tissue Specific activity* 

units/mg protein 
Etiolated sorghum epicotyl.................... 5330 
Etiolated sorghum root........................ 375 
Etiolated sorghum seed residue................ 0 
Green sorghum epicotyl....................... 7650 
Etiolated pea epicotyl......................... 75 
Etiolated lupine hypocotyl.................... 115 


* The unit of enzyme activity is defined under ‘‘Experimental 
Procedure.”’ 
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mately 35%. The most effective inhibitor of the sorghum oxy- 
nitrilase was HgCl.; at 10-4 m the enzyme was completely in- 
hibited, and at 10-5 m it was inhibited 15%. The enzyme was 
also com pletely inhibited in 50% aqueous alcohol. 

Thermal Stability—The optimal temperature for the reaction 
catalyzed by the purified enzyme is approximately 35°. Above 
this temperature, thermal inactivation readily occurs; two-thirds 
of the activity of the purified enzyme is lost upon heating at 50° 
for 5 minutes. Since heating at 60° can be employed in the 
purification procedure (Step 1), protein impurities in the initial 
extract apparently protect the oxynitrilase from inactivation at 
this stage. There was no loss of activity upon storage at —15° 
for 3 months. 

Distribution Studies—Studies on the localization of oxynitrilase 
in etiolated sorghum seedlings demonstrated that the majority 
of the enzyme is located in the epicotyl (Table II). The roots 
contained only a small amount of enzymatic activity, and the 
seed residue was inactive. 

Table II also shows that the enzyme occurs in higher concen- 
tration in green sorghum seedlings than in etiolated seedlings. 
However, the green seedlings grow more slowly and therefore are 
not superior to etiolated seedlings as a source of enzyme. The 
epicotyls of etiolated pea seedlings and the hypocotyls of etio- 
lated lupine seedlings contained much less oxynitrilase activity. 


DISCUSSION 


The assay method for oxynitrilase used in this study has cer- 
tain advantages over the procedures employed by the early 
investigators (1, 8) of thisenzyme. With few exceptions (6, 18), 
they examined the enzymatic formation of optically active cy- 
anohydrins. The intense light absorption of p-hydroxybenzal- 
dehyde makes it feasible to follow the reaction in the direction 
of cvanohydrin decomposition; the spectrophotometric assay per- 
mits the use of much smaller quantities of substrate. At the 
concentration used, the equilibrium (15) favors the decomposi- 
tion of the cyanohydrin; the amounts of substrate employed and 
products formed are soluble in H.O. | 

The early investigators (7, 8) were mainly concerned with the 
problem of the asymmetric synthesis of optically active cyano- 
hydrins. Because of the low specific rotation of the cyanohy- 
drins, it was necessary to use relatively high concentrations of 
HCN and aldehyde in order to form sufficient cyanohydrin to be 
detected in a polarimeter. In the case of benzaldehyde cyano- 
hydrin, this approach was difficult because of the low solubility of 
benzaldehyde in H.O. In some instances the conditions for as- 
say specified that an aqueous solution of the enzyme be shaken 
with the aldehyde to form an emulsion which possessed a large 
surface area for reaction between the enzyme and substrate. 
In an alternative procedure used by Albers (8), the assay was 
carried out in a reaction mixture containing 50% ethanol to 
maintain all the components soluble. This concentration of 
alcohol inhibits the sorghum oxynitrilase completely. 
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As a result of the present study, the properties of the oxyni. 
trilase of sorghum are known in more detail than those of the 
other oxynitrilases previously described (8). Since the sorghum 
enzyme does not catalyze the decomposition of the cyanohydrip 
of benzaldehyde, it clearly differs from the enzyme found ip 
almonds. Again, the total inhibition of the sorghum enzyme in 
50% ethanol contrasts with the ability of the almond enzyme to 
function in this concentration of ethanol (8). 

The role of the oxynitrilases in nature does not appear to be 
settled. The enzymes occur in numerous plant tissues which 
contain cyanogenic glycosides (2, 3). One possible function 
would be to catalyze the condensation of HCN with various 
aldehydes to form the aglycones of the cyanogenic glycosides, 
Recent studies, however, suggest that in the case of sorghum, 
the condensation of HCN with p-hydroxybenzaldehyde may not 
be an intermediate step in the formation of the glycoside (10, 19). 


SUMMARY 


The enzyme oxynitrilase, which catalyzes the decomposition 
of the cyanohydrin of p-hydroxybenzaldehyde, has been purified 
175-fold from etiolated seedlings of Sorghum vulgare and par. 
tially characterized. The sorghum enzyme differs from an en- 
zyme of similar nature in almonds which catalyzes the decompo- 
sition of benzaldehyde cyanohydrin; the sorghum enzyme is 
inactive toward the latter compound. Other properties of the 
sorghum oxynitrilase are described. 
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The demonstration of the hormone melatonin (N-acety]-5- 
methoxytryptamine) in bovine pineal gland (1) prompted a study 
of the enzymes involved in its formation and metabolism. In 
preliminary studies (2, 3) we described an enzyme, hydroxyin- 
dole-O-methy] transferase, in the pineal gland of cows, that cata- 
lyzes the O-methylation of N-acetyl-serotonin to melatonin. 
This paper describes the purification of the enzyme from cow 
pineal gland, its properties, assay, and distribution. 


EXPERIMENTAL PROCEDURE 


Materials 


We wish to thank the following for their generous donations: 
Dr. A. B. Lerner for 5-methoxyindoleacetic acid and bovine 
pineal glands; Dr. I. J. Kopin for N-acetyl 2-C"*-serotonin; 
Sandoz Company for N-acetyl-4-hydroxytryptamine and 4-hy- 
droxydimethyltryptamine; The Upjohn Company for N-methy]- 
serotonin, bufotenine, 5-methoxytryptamine, and melatonin. 
AMe! and C'-methyl AMe were prepared enzymatically (4); 
N-acetylserotonin was prepared by a modification of the pro- 
cedure of McIsaac and Page (5); and frozen pineal glands were 
obtained commercially from Canadian Packers, Toronto, On- 


taro. 


Methods 


Estimation of Melatonin—Melatonin can be separated from 
N-acetylserotonin and other hydroxyindoles by extraction into 
chloroform. Biological material in a 15-ml glass-stoppered 
centrifuge tube was shaken with 8 ml of chloroform for 10 min- 
utes. After centrifugation the aqueous layer was removed by 
aspiration and the chloroform extract washed twice with 3-m] 
portions of water. A 5-ml aliquot of the chloroform phase was 
transferred to a 20-ml beaker and evaporated to dryness in a 
stream of warm air. The residue was dissolved in 1.5 ml of 3 nN 
HCl and the melatonin measured fluorometrically (activation 
300 my, fluorescence 540 my).2? Fluorescence readings were 
proportional to melatonin concentration. Melatonin added to 
biological material was recovered to the extent of 85 to 95%. 
As little as 1.0 ug of melatonin can be estimated by this proce- 
dure. Melatonin labeled with C“ was extracted by the above 
procedure and measured as follows. A 5-ml aliquot of the 
chloroform extract was transferred to a glass vial for liquid 


1 The abbreviation used is: AMe, S-adenosylmethionine. 

* The sensitivity may be increased at least 30-fold by dissolving 
the residue with water instead of 3 N HCl, assaying the melatonin 
by activation at 290 mu, and measuring the fluorescence at 360 mu. 


scintillation counting and evaporated to dryness in a stream of 
warm air. The residue was dissolved in 0.5 ml of ethanol and 
counted in Tri-Carb liquid scintillation counter after the addition 
of 10 ml of phosphor. 

Methoxy-C"-indoleamine derivatives formed enzymatically 
were extracted into 6 ml of isoamy] alcohol after adjustment of 
the aqueous phase to pH 10. A 4-ml aliquot of the isoamy] 
alcohol extract was transferred to a glass vial containing 3 ml of 
ethanol and 10 ml of phosphor and the radioactivity counted as 
described above. Although many of the methoxyindoleamine 
derivatives presumably formed were not available, the conditions 
and validity of the extraction procedure were tested with 5- 
methoxytryptamine as a model. - Methoxy-C"-indoleacetic acid 
was extracted into chloroform from an acidic solution, and an 
aliquot of the chloroform extract was transferred to a glass vial 
and treated as described above. 

Enzyme Assay—Hydroxyindole - O - methyl transferase was 
determined by measuring melatonin formed from N-acetyl- 
serotonin and AMe. If increased sensitivity was desired, either 
N-acety1-2-C-serotonin or C’-methyl AMe could be used. The 
incubation mixture in a 15-ml glass-stoppered centrifuge tube 
contained 100 uwmoles of phosphate buffer pH 7.9, 0.2 umole of 
AMe, 0.1 umole of N-acetylserotonin, enzyme obtained from 5 to 
50 mg of cow pineal gland, and water to make a final volume of 1 
ml. After 30 minutes of incubation at 37°, 8 ml of chloroform 
were added to the tube, and melatonin was extracted and deter- 
mined as described above. For radioactive experiments, 10 
mumoles of C'4-methyl AMe (4770 c.p.m.) or 12 mumoles of N- 
acetyl-2-C-serotonin (3510 c.p.m.) were used. 

Purtfication of Hydroxyindole-O-methyl Transferase from Beef 
Pineal Gland—Unless specified, all purification procedures were 
carried out at 4°. A quantity of 16 g of frozen pineal glands was 
thawed and homogenized in 80 ml of isotonic KCl. - The resulting 
suspension was centrifuged at 78,000 x g for 1 hour, and 52 ml of 
the supernatant fluid were adjusted to pH 5.2 by the dropwise 
addition of 1 N acetic acid. The slightly turbid solution was 
placed on a water bath maintained between 47-49° for 3 minutes, 
immediately adjusted to pH 6.5, and centrifuged at 8000 x g for 
10 minutes. To 50 ml of the supernatant fluid were added 40 ml 
of saturated ammonium sulfate solution (adjusted to about pH 
8.0) to 45% saturation. After centrifugation the supernatant 
fraction was removed and brought to 68% saturation by the 
addition of 60 ml of saturated ammonium sulfate. The precipi- 
tate obtained after centrifugation was dissolved in 12 ml of 
water and the solution adjusted to pH 5.3 with acetic acid. A 
total of 2 ml of alumina gel Cy (35 mg) was added to the resulting 
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TABLE 
Purification of hydroxryindole-O-methyl transferase 


Fraction Recovery 
Pineal soluble fraction. .............. 2.96 100 
(NH) 45-68%. 10.3 3.6 54 
Alumina gel Cy eluate I.............. 50 17.3 17 
Alumina gel Cy eluate IIand III...... 78 26.9 25 


* Specific activity is defined as wg of melatonin formed per mg of 
protein per hour. 


solution, and after centrifugation the gel was washed with 5 ml 
of water. The enzyme was eluted from the gel with three 5-ml 
portions of 0.1 M potassium phosphate buffer pH 6.5. An over- 
all purification of the enzyme of about 25-fold was obtained by 
this procedure (Table I). The purified enzyme lost little activity 
when stored in a frozen state for several weeks. 


RESULTS 


O-Methylation of N-Acetylserotonin to Melatonin by Pineal 
Gland—It was previously found that incubation of N-acetyl- 
serotonin with the soluble fraction of cow pineal gland and AMe 
resulted in the formation of melatonin (cf. reference (2), Table I). 
In the absence of AMe, no detectable methylation occurred. 
However, when a soluble fraction obtained from large quantities 
(200 mg) of cow pineal gland was incubated with N-acety]-2-C"™- 
serotonin at pH 7.9, without AMe, the chloroform extract had a 
significant amount of radioactivity. The radioactive material 
had the same Rr values (ascending) as authentic melatonin when 
chromatographed on Whatman No. | filter paper in isopropanol- 
ammonia (5%), 8:2 (Rr 0.89) and butanol-acetic acid-water, 
8:2:2 (Rr 0.91). No melatonin was formed when purified hy- 
droxvindole-O-methy] transferase was incubated in the absence 
of AMe. These observations demonstrated that AMe and/or 
an AMe-forming enzyme is present in the pineal gland. 

Properties of the Purified Hydroxyindole-O-methyl Transferase— 
The purified hydroxyindole-O-methyl transferase showed an 
absolute requirement for AMe (Table II). The Michaelis-Men- 
ten constants, K,,, for N-acetylserotonin and AMe were 5.4 X 
10-° m and 4.6 X 10-5 M, respectively. 

Unlike catechol-O-methyl transferase (6), there was no require- 
ment for a metal. The presence of an essential sulfhydryl group 
was indicated by complete inhibition of the enzyme by 10-5 m 
p-chloromercuribenzoate and slight activation with high concen- 
trations of glutathione and cysteine. 

Optimal enzyme activity occurred between pH 7.5 and 8.3. 
Figs. 1 and 2 show the effect of enzyme concentration and time 
on the formation of melatonin. 

Substrate Specificity—Of all the substrates examined (Table 
III), N-acetylserotonin was by far the best. Other 5-hydroxy- 
indoleamines, serotonin and its N-methylated derivatives, as 
well as 5-hydroxyindoleacetic acid, were also O-methylated, but 
at a much reduced rate. N-Acetyl-4-hydroxytryptamine was O- 
methylated at a slower rate than its 5-hydroxycongener. Negli- 
gible O-methylation was observed with other hydroxylated in- 
doleamines. 

Organ and Species Distribution—Hydroxy]-O-methy] transfer- 
ase was found to be present in the pineal glands of monkey (Ma- 
caca riulatta), cow, and cat (Table IV). Pineal glands of other 


TaBLeE IT 
Enzymatic O-methylation of N-acetylserotonin to melatonin 
Purified enzyme (9.2 ug of protein) was incubated at 37° with 5 
umoles of pH 7.9 phosphate buffer and additions as indicated be. 
low in a final volume of 200 ul. After 1 hour of incubation, the re. 
action mixture was assayed for C!4-melatonin after extraction into 
chloroform. 


Additions Radioactivity 


c.p.m, 


N-Acetyl-2-C!4-serotonin (12 mymoles, 3510 


c.p.m.) + AMe (0.1 wmole).................. 2700* 
C'4-methyl AMe (10 mumoles, 4770 c.p.m.) + 

N-acetylserotonin (15 mumoles)............. 1570* 
N-Acetylserotonin omitted.................... 30 


* The material showed a single radioactive peak with the same 
Rr as melatonin when chromatographed on Whatman No. 1 filter 
paper in isopropanol-ammonia (5%), 8:2 and butanol-acetic acid- 
water, 8:2:2. 
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Fig. 1. Effect of enzyme concentration on melatonin formation 
A partially purified enzyme preparation (10.2 mg of protein per 
ml) was used in these studies. Incubation conditions are de- 
scribed in the text. 
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Fic. 2. Melatonin formation as a function of time. The incu- 
bations contained 0.2 ml of a partially purified enzyme prepara- 
tion (2.0 mg of protein). Other conditions are described in text. 
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TABLE III 
Substrate specificity 
Purified enzyme (9.2 ug of protein) was incubated at 37° with 
30 pmoles of pH 7.9 phosphate buffer, 10 mumoles of C'*-methy] 
AMe, 0.2 umole of substrate in a final volume of 0.5 ml. After 2 
hours of incubation, the reaction mixture was examined for C!- 
labeled methoxy derivatives after extraction into organic solvent. 


Substrate Relative activity 
% 
5-Hydroxyindoleacetic acid*................... 12 
4-Hydroxy-N-acetyltryptamine................ 8 
4-Hydroxydimethyltryptamine................. <5 
9-Hydroxytryptamine......................... <5 
6-Hydroxydiethyltryptamine.................. <5 


*The methoxy derivatives formed were identified chromato- 
graphically. 


TABLE IV 


Hydroxy-O-methyl transferase activity in pineal gland of some 
mammalian species 

Pineal glands were homogenized with 50 volumes of ice-cold 
isotonic KCl with a mortar and pestle and centrifuged at 78,000 < 
g for 20 minutes. The reaction mixture, containing 50 umoles of 
phosphate buffer pH 7.9, 10 mygmoles of C'*-methyl AMe, 30 
mumoles of N-acetylserotonin, and 100 ul of soluble supernatant 
fraction of pineal gland, was incubated for 1 hour at 37° and as- 
sayed for C!4-melatonin. Activity is expressed as uymoles of mela- 
tonin formed per g of pineal gland (wet weight). 


Species Activity 


species have not been examined. No enzyme activity was de- 
tected in other tissues of monkey, rat, or rabbit. The following 
tissues were examined: brain, areas surrounding the pineal gland 
(habenula, fornix, stria medullaris), liver, kidney, heart, lung, 
adrenal gland, pancreas, salivary gland, and skin. 


DISCUSSION 


Like other methy] transferases (6-9), hydroxyindole-O-methy] 
transferase requires AMe as the methyl donor. However, this 
enzyme is unique in that it is found only in the pineal gland. 
This presumably accounts for the relatively high concentration 
of melatonin in this gland. It is becoming increasingly apparent 


that the pineal gland, an organ of which the physiological func- 
tion has been obscure, possesses considerable biochemical activ- 
ity. Lerner has reported the presence of melatonin (1) and 5- 
methoxyindoleacetic acid (10) in the pineal gland. Giarman 
and Day (11) have found that this gland contains physiologically 
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active amines such as histamine, serotonin, catechol amines, as 
well as the enzymes involved in their formation and metabolism. 
We have observed that the pineal gland contains, in addition to 
hydroxyindole-O-methy] transferase, imidazole-N-methy] trans- 
ferase, catechol-O-methy] transferase (12), as well as cofactors 
necessary for these transmethy lation reactions. 

Although N-acetylserotonin was the best substrate for hy- 
droxyindole-O-methyl transferase, other hydroxyindoles were 
methylated, but to a much smaller extent. The observation 
that 5-hydroxyindoleacetic acid served as a substraté for the 
enzyme is of particular interest, since Lerner et al. found 5-meth- 
oxyindoleacetic acid in bovine pineal glands (9). This compound 
could arise from 5-methoxytryptamine, melatonin, or 5-hydroxy- 
indoleacetic acid. Although 5-methoxytryptamine has been 
shown to be deaminated in vivo (13) and in vitro, evidence for 
the normal occurrence of this amine has never been demonstrated. 
We have found that the major pathway for the metabolism of 
melatonin is by hydroxylation on position 6 of the indole nu- 
cleus (14). However, the excretion of small amounts of 5-meth- 
oxyindoleacetic acid (less than 1 %) after the administration of 
melatonin suggests that the acid could arise from melatonin. 
In addition, our findings here have demonstrated that 5-meth- 
oxyindoleacetic acid is formed by the direct methylation of 5- 
hydroxyindoleacetic acid. | 


SUMMARY 


The purification, properties, distribution, and specificity of 
hydroxyindole-O-methy] transferase are described. The enzyme 
is highly localized in the pineal gland and catalyzes the O-meth- 
ylation of N-acetylserotonin to form the hormone melatonin. 
Although N-acetylserotonin is by far the best substrate for the 
enzyme, other hydroxyindoles are also methylated. 
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The relationship between the respiratory chain and oxidative 
phosphorylation to mitochondrial swelling and shrinking is of 
importance because of the relevance of this phenomenon to the 
control of cellular.metabolism. Raaflaub (1) and others (2-4) 
have reported that substrates oxidized by the respiratory chain 
augment mitochondrial swelling whereas compounds which in- 
hibit electron transport counteract this effect. Hunter et al. 
(2, 5) showed that phosphate induces swelling, and further studies 
by Hunter et al. (6) and Chappell and Greville (7, 8) have es- 
tablished that the swelling is dependent on electron transport. 
Swelling occurs more rapidly in the presence of oxygen than either 
anaerobically, or aerobically in the presence of inhibitors of 
electron transport (5, 9). Phosphate induced-swelling is also 
prevented or retarded in the presence of adenosine diphosphate 
or adenosine triphosphate (5). Thus the reactants (substrate, 
oxygen, ADP, and phosphate) and product (ATP) of respiration 
and coupled phosphorylation all affect the state of swelling, and 
it has been suggested (4, 10-14) that these substances exert their 
influence on a common unknown energy-linked intermediate of 
oxidative phosphorylation. 

There are, however, a great number of other reagents that can 
give rise to enormous changes in mitochondrial structure. Cal- 
cium ions, various types of detergents, phlorizin, arsenate, gluta- 
thione, thyroxine, and ascorbic acid are examples for liver mito- 
chondria (cf. Tapley (3), Ernster and Lindberg (13), Lehninger 
et al. (15, 16), and Keller and Lotspeich (17). In some cases 
the extensive swelling changes produced by treatment with 
calcium (18), phosphate (2, 5, 19-21), thyroxine (15), and 
detergents (22) have been correlated with a dissociation of bound 
diphosphopyridine nucleotide from the respiratory chain. As 
the initial stages of this type of swelling might involve stages 
common to the more restricted swelling such as those accompany- 
ing the metabolic states of mitochondria (4, 10), it was decided 
to examine the nature of phosphate swelling in rat heart and 
liver mitochondria. Some correlations between phosphate swell- 
ing and fluorescence of pyridine nucleotides are also reported. 


EXPERIMENTAL PROCEDURE 
Methods 


The methods employed for the preparation of mitochondria, 
assay of cytochrome reactions, and measurement of swelling 
and shrinking were as described in the previous paper (4) with 
the exception that the split-beam spectrophotometer (23) was 
used to measure light scattering changes in some experiments. 


* Present address, Department of Microbiology, The Univer- 
sity of Texas Southwestern Medical School, Dallas 35, Texas. 


Fluorescence of pyridine nucleotides in mitochondrial suspen. 
sions was examined in an Eppendorf fluorimeter (Netheler and 
Hinz) modified for recording by Dr. Ronald W. Estabrook. 
Measurements were made with a 400-my filter; excitation at 366 
mu (cf. 24, 25). The details of the individual experiments are 
given in the text and legends to figures and tables. Excellent 
reproducibility in the behavior of the mitochondrial preparations 
was found. 


RESULTS 


Heart Mitochondria 


Role of Phosphate in Swelling and Shrinking—Contrary to the 
findings for liver mitochondria cited above, the addition of only 
inorganic phosphate to heart mitochondria suspended in sucrose 
media does not cause swelling... The combined effects of sub- 
strate, phosphate, and ADP on the steady state of shrinkage is 
shown in Fig. 1. Mitochondria suspended in the isolation 
medium containing 0.32 m sucrose plus 0.001 m EDTA? were 
added to the reaction medium. At first the mitochondrial 
volume remained constant, and then addition of substrate re- 
sulted in a rapid shrinkage. Subsequently, phosphate addition 
induced a rapid reversal of shrinkage. In this metabolic state 
mitochondria are transporting electrons without coupled phos- 
phorylation and are in the lowest steady state of shrinkage (cf. 
(4) and below). Addition of ADP initiates oxidative phos- 
phorylation and rapid shrinking until a steady state of shrinkage 
is reached. The following should be emphasized: (a) phosphate 
induces swelling only in the presence of oxidizable substrate; 
(b) shrinkage is maximal when the ADP level is above that 
necessary for saturation of the respiratory chain (4); (c) the 
least shrinkage occurs in the presence of both substrate and 
phosphate. 

The influence of substrate and ADP on the state of shrinkage 
was further examined as shown in Fig. 2. ADP and substrate 
both cause shrinking, and the maximal shrinkage (absorbancy 
0.38) is found when both are present. This condition defines 
the maximal shrinkage for a particular substrate and it is here 


1 However, in the sucrose medium, observation of the oxidation- 
reduction state of the cytochromes (see Fig. 6 of reference 4) in 
the presence of phosphate actually shows that the respiratory car- 
riers become more oxidized as endogenous substrate is exhausted; 
under these conditions mitochondria shrink. The findings in the 
previous paper (4) indicated that this shrinking was correlated 
with an increased ADP level, and thus swelling could be initiated 
by the addition of substrate. 

2 The abbreviation used is: EDTA, ethylenediaminetetraace- 
tate. 
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arbitrarily designated as the 100% steady state of shrinkage as 
g convenience for quantitating these changes. The addition of 
10 mm phosphate decreases the steady state of shrinkage to 95%, 
and after the small amount of ADP previously added to the 
system is exhausted because of oxidative phosphorylation, it 
falls to its lowest value of 87%. A further addition of 50 um 
ADP caused the cyclic increase followed by a decrease of shrink- 
age as described above. When oxygen was exhausted from the 
system, in the absence of ADP, the steady state of shrinkage in- 
creased (to 92%) as a result of ADP accumulation by ATPase 
activity and inhibition of electron transport (4). 

Since the least shrinkage is obtained in the presence of sub- 
strate and inorganic phosphate it was of interest to study its 
dependence upon the type of substrate present (Table I). The 
results show that shrinkage level depends on the substrate 
present, the lowest level being a 14% decrease obtained when 
both B-hydroxybutyrate and succinate were present. In general 
the more the transport of electrons the lower the steady state of 

e. 

Typical data for the influence of substrates, phosphate, ADP, 
and Oz on the shrinkage states of heart mitochondria are sum- 
marized in Table II. Addition of either substrate, ADP or 
phosphate causes only shrinking. Swelling is observed only on 
addition of phosphate to mitochondria suspended in media con- 
taining oxidizable substrate, or conversely when substrate is 
added to mitochondria in phosphate media. If ADP is present, 


10 mM 200yM 
Substrate Phosphate ADP 
> 0.40} 
E 
0 
2 0.30, 
| 2 3 4 5 6 7 
minutes 


Fig. 1. Phosphate-induced swelling in heart mitochondria. 
The final reaction mixture (2 ml) contained: sucrose (0.05 m), Tris 
(0.005 m pH 7.5), EDTA (40 um), and mitochondria (0.98 mg of 
protein). Substrate added during the experiment was 5 mm s-hy- 
droxybutyrate plus 5mm succinate. The curve shown is an actual 
recording of an experiment in the split-beam spectrophotometer 
(23). An upward deflection indicates shrinking and a downward 
change is swelling. The reference cuvette contained the basic re- 
action mixture without mitochondria. The interruptions in the 
recording are due to the time required for the additions made to 
the reaction mixture during the experiment. 
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Fig. 2. Influence of substrate, ADP, and phosphate on the 
steady state of shrinkage in heart mitochondria. Conditions as 


in Fig. 1. 
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TABLE I 


Effect of phosphate on shrinkage of heart mitochondria with 
various substrates. Conditions as in Fig. 1 except that 1.22 mg 
of mitochondrial protein were present. Substrates tested were 
10 mmeach. The shrinkage change was calculated after addition 
of 10 mm phosphate (pH 7.5). 


Substrate Shrinkage level 

% 

8-Hydroxybutyrate............ 91 

93 

8-Hydroxybutyrate + succi- 


TaBLeE II 


Influence of substrates, phosphate, ADP, and O2 on the shrink- 
age states of heart mitochondria. The reaction mixture (2 ml) 
contained: sucrose (0.071 m), Tris (4.6 mm at pH 7.5), EDTA 
(0.075 um), and 1.23 mg of mitochondrial protein. An increase in 
absorbancy is shrinkage, a decrease is swelling. Substrate was 
8-hydroxybutyrate plus succinate (5 mm each). Data are aver- 
ages of triplicate determinations. 


410 my Absorbancy changes in media containing i 
Substances added 
and conditions ADP 
No ad- 
| | app substrate! sabe 
trate 
Aerobic 
Substrate +0.010)—0.048'+0.004 0.000) 
P; (10 mm) /|+0.010 +0.015'—0.063 0.000 
ADP (1 mm) |+0.004/+0.028 +0.008 +0 .067 
Anaerobic 
No addition +0.056/0 .000 


swelling is not observed on addition of phosphate. Small con- 
centrations of ADP regulate the steady state of shrinkage, and 
on exhaustion of oxygen shrinkage occurs if ADP is absent (4). 
These results show the regulatory effect of the reactants of 
respiratory chain phosphorylation on the shrinkage states of 
mitochondria. 

Dependence of the Steady State of Shrinkage on the Concentration 
of Phosphate and Arsenate—Fig. 3 shows the concentration de- 
pendence of phosphate and arsenate on the steady state of 
shrinkage. The initial absorbancy of the mitochondrial sus- 
pension in the absence of phosphate or arsenate was 0.375 and 
this value was taken as a 100% steady state of shrinkage. The 
addition of phosphate and arsenate in the concentrations indi- 
cated resulted in swelling. The values for absorbancy changes 
were taken from the resultant steady state. Both anions titrate 
to the same level of shrinkage but the half-maximal concentra- 
tion for phosphate swelling is about 2 mm whereas this value is 
12 mo for arsenate. 

Effect of Phosphate on Fluorescence of Pyridine Nucleotide—In 
a series of experiments (not illustrated) addition of phosphate to 
mitochondria suspended in sucrose-Tris media caused the disap- 
pearance of endogenous substrate and oxidation of cyto- 
chromes.* Under these conditions pyridine nucleotides also 


3 See above and also Fig. 6 of Reference 4. 
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Fic. 3. Steady states of shrinkage with phosphate and arsenate 
in heart mitochondria. The reaction mixture (2 ml) contained 
sucrose (0.05 Mm), Tris (0.025 m, pH 7.5), succinate (5 mm), 6-hy- 
droxybutyrate (5 mm), and mitochondria (1.62 mg of protein). 
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Fia. 4. Influence of phosphate on fluorescence of pyridine fu- 
cleotides in heart mitochondria. Conditions as in Fig. 1, but with 
1.08 mg of mitochondrial protein. Explanation in text. 


become more oxidized and fluorescence decreases (20). Heart 
mitochondria were incubated in the presence of phosphate for 
10 minutes and then @-hydroxybutyrate plus succinate were 
added and the expected increase in fluorescence caused by the 
reduction of pyridine nucleotide was observed. These findings 
indicate typical pyridine nucleotide reactions in mitochondria 
(24, 25). Fig. 4 shows that on addition of substrate fluorescence 
intensity increases as pyridine nucleotide is reduced to a steady 
state. Addition of phosphate and later of ADP, successively 
causes stepwise decreases in fluorescence corresponding to the 
more oxidized steady states of pyridine nucleotides, established 
in accordance with the increasing velocity of electron transport 
(26). 


Liver Mitochondria 


Effect of Phosphate on Swelling and Dependence on Sucrose 
Concentration—A typical experiment‘ showing the time course of 
phosphate-induced swelling in the absence of added substrate at 
various sucrose concentrations is presented in Fig. 5. The initial 
absorbancy of the mitochondrial suspension before phosphate 
was added is shown at the extreme left side of Fig. 5. The initial 
absorbancy increases with higher sucrose concentrations in the 
manner shown in the lower half of Fig. 6, and is a result of 


‘This experiment was carried out in collaboration with Dr. 
Robert Winters. 
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osmotic shrinking of liver mitochondria with sucrose. This 
confirms the findings of Tedeschi and Harris (27). The CUrves 
in Fig. 5 show that phosphate-induced swelling in liver mito. 
chondria is quite dependent on either the sucrose concentration 
or the initial mitochondrial volume. At 0.005 m and 0.4 » o 
higher (not shown) no swelling was observed in the time interya] 
of the experiment. Swelling occurred in 0.05, 0.10, 0.20, and 
0.30 M sucrose media, and the half-time required for completion 
of swelling was 463, 449, 382, and 305 seconds, respectively, 
This result was surprising since this type of experiment was 
originally designed to determine if penetration of phosphate 
into mitochondria was rate limiting when mitochondria were 
shrunk by taking advantage of their osmotic properties. The 
observation that swelling was more rapid at higher sucrose 
concentrations suggested that sucrose may have inhibited ex. 
haustion of endogenous substrates since respiration and oxidative 
phosphorylation are progressively inhibited as the concentration 
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Fic. 5. Phosphate-induced swelling in liver mitochondria. 
The reaction mixture (2 ml) contained sucrose at the concentra- 
tion indicated in the figure, Tris (0.005 m, pH 7.5), and mitochon- 
dria (1.23 mg of protein). 
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Fic. 6. Steady states of shrinkage in liver mitochondria, in- 
duced by phosphate and osmotic swelling. Conditions as in Fig. 
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of this substance is increased (15, 28). In support of this view 
the curves in Fig. 5 with 0.05 and 0.10 m sucrose, but not higher 
concentrations, show that a small shrinkage precedes the large 
phosphate swelling. This has been observed many times in 
liver mitochondria in the sucrose-phosphate-magnesium medium 
(4) in which the large phosphate swelling seen in Fig. 5 does not 
occur. The upper part of Fig. 6 shows the percent decrease in ab- 
sorbancy caused by phosphate at different sucrose concentrations 
calculated from Fig. 5. In agreement with Hunter et al. (29) and 
Chappell and Greville (7) the absorbancy decreases can be as 
high as 60%. By the previously defined nomenclature, a de- 
erease of 60% corresponds to a steady state of shrinkage of 40%. 

Although phosphate-induced swelling of liver mitochondria is 
observed in the absence of exogenous substrate, the evidence 
favors the view that endogenous substrate is present and plays 
a role in causing swelling. A similar conclusion was reached by 
Hunter et al. (29). Viewed in this way, swelling with phosphate 
appears to involve, at least in the early stages, a phase (Phase I) 
common to heart mitochondria. Thus the question arose as to 
why liver mitochondria reach steady states of shrinkage of 40% 
(Phase I plus Phase II) whereas heart mitochondria, at similar 
concentrations and conditions, at best reach steady states of 
shrinkage of only 82%. Since previous studies of phosphate 
swelling in liver mitochondria indicated that the process was 
accompanied by a dissociation of bound DPN from the respira- 
tory chain (2, 5, 19, 20, 29), fluorescence of pyridine nucleotides 
was examined with swelling. 

Kinetics of Phosphate-induced Changes in Pyridine Nucleotide 
Fluorescence and Swelling—Fig. 7 shows typical results for 
phosphate-induced swelling (see curve for 0.05 M sucrose in 
Fig. 5). Four stages in pyridine nucleotide fluorescence can be 
distinguished after phosphate addition. The first is a rapid 
decline in fluorescence intensity which terminates in about 30 
seconds. This is followed by a second stage showing a slow 
decline in intensity lasting about 53 minutes. The third stage 
always shows a rapid further decline in fluorescence of shorter 
duration and the final stage is characterized by no appreciable 
change. A slow rate of swelling begins in the latter part of 
Stage 2 but is fastest in Stage 4, that is, after the decline in 
pyridine nucleotide fluorescence has been largely completed 
(cf. 20). 

The curve labeled “‘viscosity’’ in Fig. 7 represents an experi- 
ment in which the outflow time of the mitochondrial suspension 
through a capillary viscometer was measured before and at 
various times after the addition of phosphate. This type of 
experiment has proven to be a good empirical measure of mito- 
chondrial volume.* It can be seen that the increases in outflow 
time correlate with the measurement of swelling by observing 
the decline in absorbancy. 

Since the decreases in fluorescence intensity could be caused 
by either oxidation or unbinding of pyridine nucleotides, some 
tests were performed to determine which of these processes were 
occurring in the different stages of fluorescence changes initiated 
by phosphate. First, oxidizable substrate, 5 mm each of B- 
hydroxybutyrate plus succinate, was added after the decline in 
fluorescence was almost complete and the mitochondria were 
swelling (Fig. 7). This was accompanied by (a) a small rapid 
increase in fluorescence intensity lasting about 10 seconds, and 


*L. Packer, unpublished results. 
6 We wish to thank Mr. Stanley C. Foster for technical assist- 
ance with the viscosity determinations. 
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Fig. 7. Effect of phosphate on light scattering, fluorescence of 

pyridine nucleotides and ‘‘viscosity’’ of liver mitochondria. Ex- 
periment conducted in 0.05 m sucrose (as in Fig. 5). 
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Time (min) 
Fig. 8. Influence of magnesium ions on the effect of phosphate 
on light scattering and fluorescence of pyridine nucleotides in 
liver mitochondria. 


then (6) a decline in fluorescence over the ensuing 30 seconds, 
after which (c) the fluorescence again increases until a condition 
is reached which shows no further change. It is clear that re- 
duction of pyridine nucleotide is impaired. Change c occurs on 
exhaustion of oxygen from the reaction mixture (verified with 
the platinum electrode). 

A control experiment is given in Fig. 8, in which swelling by 
phosphate alone has been prevented by adding 5 mm MgCl. 
before the addition of phosphate. The decrease in fluorescence 
intensity of Stage 1 and 2 of Fig. 7 is seen here also, but now the 
subsequent addition of substrate causes an extensive increase in 
fluorescence intensity, which is only slightly further increased 
upon oxygen exhaustion. These findings agree with other re- 
ports of normal pyridine nucleotide fluorescence in the aerobic 
steady state (24, 25, 30). It is significant that the addition of 
substrate in Fig. 8 results in only a small swelling which was 
reversed when the system became anaerobic. This is the same 
type of swelling seen in the presence of phosphate in heart mito- 
chondria (Fig. 1). Thus, in the presence of MgCle, the changes in 
a steady state of shrinkage caused by phosphate in liver mitochondria 
are the same as heart mitochondria (Phase I). In the absence of 
MgCle, liver mitochondria undergo both Phase I and Phase II 
swelling with phosphate. Phase II swelling occurs apparently 
only after there has been a considerable alteration in the state of 
pyridine nucleotide reactivity. In astudy of pyridine nucleotide 
fluorescence and binding, Kaufman and Kaplan (20) have re- 
ported that the oxidized form of the pyridine nucleotide disso- 
ciates from the respiratory chain on phosphate treatment of rat 
liver mitochondria in magnesium-free conditions. 

Comparison of the Effect of Phosphate and Arsenate on Changes 
in Pyridine Nucleotide Fluorescence and Swelling—These experi- 
ments were conducted in a magnesium-free media. It can be 
seen in Fig. 9 that arsenate elicits a decline both in pyridine 
nucleotide fluorescence and in scattering. The kinetics of the 
changes are of interest as, at the same concentrations as phos- 
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Fic. 9. Effect of phosphate and arsenate on changes in light 
scattering and pyridine nucleotide fluorescence in liver mito- 
chondria. 


phate (10 mM), arsenate swelling begins immediately, accom- 
panied by a greater rate and extent of the initial decline in 
fluorescence intensity. The results with arsenate show more 
clearly the time relationships between the onset of pyridine 
nucleotide fluorescence changes and swelling. Within 60 sec- 
onds the decline in fluorescence was virtually complete with 
arsenate, although the swelling process had only barely begun. 
It should be pointed out that the magnitude of the total changes 
in fluorescence and swelling are very nearly the same with both 
anions, in agreement with that described above for Phase I 
swelling of heart mitochondria (Fig. 3). 


DISCUSSION 
Swelling Phases 


Phase I—The swelling induced by phosphate in substrate- 
treated heart or liver mitochondria (Mgt* present) is reversed 
by ADP. Thus ADP and phosphate affect mitochondrial 
volume in opposite directions. Since the half-maximal con- 
centration required for phosphate swelling is 2 mm and about 
50 um for ADP shrinking, it is apparent that on a concentration 
basis ADP more effectively regulates these changes. These 
values for the concentration dependence of volume changes are 
close to the K,, values obtained for acceleration of electron 
transport when mitochondrial respiration is stimulated by the 
addition of either ADP or phosphate (31). 

Phase II Swelling—Earlier studies (2, 5, 7, 8, 19-21) of the 
action of phosphate in liver mitochondria have dealt with Phase 
II swelling. This very large type of swelling change has been 
shown here to occur after an extensive decline in pyridine nucleo- 
tide fluorescence. Loss of the normal pattern of pyridine 
nucleotide reduction by substrates is present when Phase II 
swelling is ensuing (see Fig. 7, compare with control in Fig. 8). 
Correlation of fluorescence changes with chemical analysis of 
pyridine nucleotides has been made by Kaufman and Kaplan 
(20) during the action of phosphate on rat liver mitochondria. 
In this study it was shown that after phosphate addition, oxi- 
dation, unbinding, and destruction of pyridine nucleotides oc- 
curred. Phosphate caused oxidation of pyridine nucleotides and 
this led to unbinding or leakage of nucleotides from mitochondria. 
Destruction of pyridine nucleotides by hydrolytic enzymes was 
not directly related to swelling (20). In the experiments 
shown in Figs. 7 to 9, it is not possible to distinguish definitely 
between oxidation and unbinding as both changes are known to 
lead to a decline in fluorescence. However failure to get reduc- 
tion of pyridine nucleotide in Fig. 7 may be the result of some 
unbinding. The control experiment (Fig. 8, Mgt* present) 
showed a similar decline in fluorescence, with much larger 
pyridine nucleotide reduction. 


Vol. 236, No. 1 


Phase I swelling induced by phosphate has not been clearly de- 
fined in previous studies. Although this type of mcre restricted 
swelling is seen in both heart and liver mitochondria, it jg 
necessary to incubate the latter in the presence of magnesium 
ions to prevent Phase II swelling (cf. 29, 32). Phase II swelling 
with phosphate in liver mitochondria can be prevented, however, 
in the absence of magnesium ions if the sucrose isolation medium 
is fortified with 0.001 m EDTA. Heart mitochondria can be 
made to undergo Phase II swelling with phosphate if they are 
isolated in sucrose media in which the EDTA (which is usually 
present) is omitted.§ 

Physiological Significance—In Phase I swelling, the reactants 
of respiratory chain phosphorylation could be involved in the 
regulation of mitochondrial volume. Thus, although no simple 
nonhormonal regulatory mechanism for mitochondrial volume 
can be anticipated in vivo, the availability of certain key sub- 
stances such as substrates, oxygen, ADP, and phosphate to 
mitochondria would be expected to play a role in controlling 
their volume. Changes in mitochondrial volume may lead to 
profound effects on transport and permeability phenomena (cf. 
33, 34). 

It is clear that studies of Phase II swelling are proving to be 
quite useful for examining the organization and function of the 
respiratory chain as exemplified by pyridine nucleotide binding 
experiments. However, the physiological significance of this 
tvpe of swelling is obscure. Very extensive swelling of liver 
mitochondria has occasionally been noted in vive under abnormal 
conditions such as carbon tetrachloride feeding (35), aminoazo 
dye feeding (36), phlorizin injection (17, 37), and in thyroxine- 
injection of rats (38). It may be that this type of swelling is 
accompanied by dissociation of pyridine nucleotides from the 
respiratory chain by agents other than, but similar in action to, 
phosphate as may be inferred from other studies (2, 5, 19-21). 


Possible Relationship of Energy-linked Intermediates of 
Oxidative Phosphorylation to Swelling-Shrinking 
Phenomena 


Phase I—Because of the characteristic effect which the react- 
ants (substrate, oxygen, phosphate, and ADP) of respiratory 
chain phosphorylation have on the steady state of shrinkage in 
mitochondria, it has been postulated that these metabolites act 
by affecting a common intermediate. Results with arsenate 
and uncoupling agents such as dinitrophenol (4, 10, 14) further 
implicate a common intermediate. Since the effect of phosphate 
and ADP on swelling and shrinking are equal and opposite, it is 
tempting to try to identify the shrinkage intermediate’ of the 
coupling mechanism which is likely to regulate changes in mito- 
chondrial volume. 

A current scheme of oxidative phosphorylation postulated by 
a number of laboratories (26, 40) is outlined as 


Carrier + I > carrier ~ I (1) 
Carrier ~ 1+ 222~I1 4 carrier (2) 
(3) 
z~P+ADP=ATP +2 (4) 


7 The “‘shrinkage-intermediate”’ is defined as the energy-linked 
intermediate of oxidative phosphorylation which supplies the 
energy for shrinking to the components of either the respiratory 
chain or closely associated macromolecules in the mitochondrial 
membrane which are involved in the physical change (14, 39). 
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The shrinkage intermediate should accumulate during shrink- 
ing and conversely its level should decline on swelling. Several 
considerations appear to implicate an intermediate which arises 
in the initial steps of the coupling process. Firstly, the maximal 
steady state of shrinkage is obtained in the presence of substrate 
and ADP; yet in this state the level of z ~ P; would be expected 
to be at its lowest level. Secondly, phosphate (and arsenate) 
induces swelling, yet under such conditions the level of z ~ Pi 
(orz ~ As) would be expected to be high; therefore accumulation 
of z ~ P; does not fit the definition of the shrinkage intermediate. 
Swelling induced by phosphate or arsenate might be brought 
about by its effect of lowering the concentration of earlier inter- 
mediates as carrier ~I and x ~ I. It does not seem possible 
with scant present knowledge of the phosphorylation mechanism 
to further identify the locus of the shrinkage intermediate.® 

Phase IJ—Assuming that the low energy form of pyridine 
nucleotide (in the oxidized state) is more readily dissociated 
from the respiratory chain, then the action of phosphate in 
promoting Phase I] swelling may be the result of Reactions 2 
and 3 in which the carrier is pyridine nucleotide. Dissociation 
of pyridine nucleotide from the respiratory chain would bring 
the level of the shrinkage intermediate lower than it is ever 
found in Phase I swelling. Perhaps the greater concentration of 
pyridine nucleotide per unit of cytochrome in liver (20:1) than 
heart (9:1) mitochondria (25) is somehow related to the ease 
with which Phase II swelling is demonstrated in liver mitochon- 


SUMMARY 


The action of phosphate on swelling in rat heart and liver 
mitochondria was examined and two phases of swelling were 
distinguished. 

Phase I swelling occurs during the normal function of the 
respiratory chain under steady-state conditions of electron 
transport. This type of swelling is rapidly and completely 
reversible by adenosine diphosphate (ADP). Phosphate and 
ADP have equal and opposite effects on mitochondrial volume 
with their effective concentrations in the same range as in ac- 
tivating respiration. Arsenate can replace phosphate in causing 
swelling but arsenate swelling is not reversed by ADP. The 
influence of substrates, oxygen, ADP, and phosphate on the 
various shrinkage states in mitochondria were described. Both 
heart and liver mitochondria showed the same shrinkage states 
if the liver system contained magnesium ions. A hypothesis was 
presented in which the regulation of the steady state of shrinkage 
in mitochondria was considered to be governed by the concen- 
tration of energy-linked intermediates of oxidative phosphoryla- 
tion. 

Phase II swelling occurs in liver mitochondria after a marked 
change in the pattern of pyridine nucleotide reduction as judged 
by studies in which the fluorescence of pyridine nucleotides was 
examined together with absorbancy changes caused by swelling. 
Phase II phosphate swelling was at least 3 times greater than 
Phase I swelling. Arsenate replaced phosphate in Phase II swell- 
ing and augumented the rates of changes in both pyridine 
nucleotide fluorescence and swelling. 


* Holton and Tyler (41) have recently reached a similar conclu- 
sion but stress a central role for x ~ p for control of mitochondrial 
swelling. The present hypothesis implies this too, z.e. the ‘‘swell- 
ing-intermediate’”’ would accumulate during low shrinkage. 
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Studies of the adenosine triphosphate-adenosine diphosphate 
exchange reaction of phosphorylating submitochondrial particles 
frst described by Cooper and Lehninger (1), and subsequently 
studied in detail by Bronk and Kielley (2), and Wadkins and 
Iehninger (3) have provided evidence that this exchange reac- 
tion is & manifestation of the terminal step of oxidative 
phosphorylation in which ADP reacts with an unknown “high- 
energy’? intermediate generated during coupled electron trans- 
port to form ATP. This conclusion is based on the specificity 
for ATP and ADP, the absence from digitonin particles of other 
reactions known to catalyze such an exchange reaction, and the 
marked inhibition of the ATP-ADP exchange reaction by un- 
coupling agents such as dinitrophenol, Dicumarol, and gramici- 
din. 

Azide, an uncoupling agent of oxidative phosphorylation and 
an inhibitor of the dinitrophenol- and Dicumarol-stimulated 
ATPase, prevents the inhibition of the ATP-ADP exchange by 
dinitrophenol and Dicumarol, although azide alone has no effect 
on the rate of the ATP-ADP exchange reaction (3). Aging the 
particles results in the loss, at similar rates, of dinitrophenol 
sensitivity of the ATP-ADP exchange, of oxidative phosphoryla- 
tion, and of the dinitrophenol-stimulated ATPase activity, 
whereas there is no significant loss of total ATP-ADP exchange 
ativity. In addition to indicating that the ATP-ADP ex- 
change reaction and the labile, azide-sensitive site of action of 
dinitrophenol are two separate steps of the coupling mechanism, 
these results suggest that efficient interaction of the two steps, 
ythaps through a common intermediate, is a prerequisite for 
the inhibitory effect of dinitrophenol on the ATP-ADP ex- 
change rate. 

The present communication describes some of the properties 
of the ATP-ADP exchange reaction as it occurs in intact rat 
iver mitochondria and compares the inhibition of the exchange 
raction and the stimulation of ATPase activity by several 
meoupling agents. In general, the results obtained support 
the view that there is a functional relationship between the 
\TP-ADP exchange reaction, the ATPase reaction, and the 
overall coupling mechanism of oxidative phosphorylation. 
These relationships are as clearly evident in intact mitochondria 
in digitonin fragments. 


*Supported by grants from the National Institutes of Health, 
The Nutrition Foundation, Inc., the Whitehall Foundation, and 
The National Science Foundation. 

{Senior Research Fellow, SF-141-C, United States Public 
Health Service. 
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EXPERIMENTAL PROCEDURE 


Materials and Methods 


Mitochondria were prepared from the livers of male rats by 
the method of Hogeboom (4). The final pellet was suspended in 
0.25 M sucrose to a concentration of 1.0 mg of N per ml. This 
suspension was used directly for all experiments. 

Assay of ATP-ADP exchange activity was carried out by the 
method described previously (3). ATPase activity was assayed 
by measuring the initial rate of formation of P;* from terminal- 
labeled ATP. The labeled inorganic phosphate was extracted 
as the phosphomolybdate complex with isobutanol-benzene 
which was then plated and counted with a gas flow counter. 
Adenylate kinase activity was measured by the conversion of 
C'4_labeled AMP to C!4-labeled ADP in the presence of unlabeled 
ATP, with the use of the paper chromatography method de- 
scribed previously to separate the nucleotides (3). 

The ATP and ADP used in these studies were chromatograph- 
ically pure compounds obtained from Pabst Laboratories. 
ADP-C"' and AMP-C™ were obtained from Schwarz Labora- 
tories, Inc. 


RESULTS 


Rate of ATP-ADP Exchange Reaction—The rate of incorpora- 
tion of C!4-labeled ADP into ATP by intact rat liver mitochondria 
in the absence of phosphate and respiratory substrates is demon- 
strated in Fig. 1. In the absence of dinitrophenol, the reaction 
takes place with no detectable change in the concentration of 
either nucleotide. This was expected since there is little or no 
ATPase activity in fresh mitochondria. The nearly quantitative 
recovery of added ATP and ADP indicated that there is insignifi- 
cant dilution by intramitochondrial nucleotides. There was no 
detectable formation of AMP under these conditions and there- 
fore insignificant adenylate kinase activity. The initial ex- 
change rate of 300 to 400 mumoles of ATP (C") per minute per 
mg of mitochondria nitrogen is similar to the net rate of ATP 
synthesis during oxidative phosphorylation measured under 
conditions similar to those used for assay of the exchange reac- 
tion. 

The maximal rate of the ATP-ADP exchange reaction in molar 
terms is observed over a wide range of ADP and ATP concentra- 
tions. As shown in Figs. 2 and 3, when ADP is held constant 
at 3 mM, maximal rate of exchange is given at all concentrations 
of ATP above 2 mm. When ATP is held constant at 5 mm, 
maximal rate is reached at 2 mm ADP and does not change up 
to at least 8 mo. 
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(ATP)=9.80 mM The results indicate that over the wide concentration ranges 


(ADP)=3.06 mM 
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(ATP)= 10.00 mM 
(ADP)=3.12 mM 


250 F 


(ATP)=9.12 mM 
(ADP)=3.20mM 
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ATP-ADP EXCHANGE ACTIVITY 
Amp MOLES ATP (C!*) 


10 20 30 
MINUTES 
Fig. 1. Effect of dinitrophenol on ATP-ADP exchange reac- 


tion. The reaction system contained 0.01 m ATP, 0.003 m ADP 
(C14) (30,000 c.p.m.), 0.1 mM sucrose, 0.02 m Tris buffer, pH 7.5, and 
fresh rat liver mitochondria (75 ug of N) in a total volume of 0.5 
ml. Incubation time as shown at 25°. 1 X 10-4 m dinitrophenol 
was used where indicated. 
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Fic. 2. Effect of ADP concentration on the rate of exchange. 
ATP was held constant at 5 X 10-3 m, pH 7.5, mitochondria (80 
ug of N), 0.02 m Tris buffer, and 0.1 m sucrose. ADP was varied 
as shown in total volume of 0.56 ml. Incubated 5 minutes at 25°. 

Fia. 3. Effect of ATP concentration on the rate of exchange. 
Conditions as in Fig. 2. ADP was held constant at 3 K 107? a. 
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ADP:ATP RATIO 
Fic. 4. Effect of ratio of ADP to ATP on the rate of exchange. 
Conditions as in Fig. 2. Various combinations of ADP concen- 
tration from 1 X 10-*mto8 X 10-? mand ATP concentrations from 
1 X 10°? mto8 X 10°? m were used to obtain the indicated ratios 
of ADP to ATP. 


The velocity of the exchange reaction is very sensitive to 
compounds that uncouple oxidative phosphorylation. The 
results illustrated in Fig. 1 show that dinitrophenol at 1 XK 10-*m 
produces nearly complete inhibition of the ATP-ADP exchange 
reaction. This inhibition is very similar to that observed in 
digitonin fragments of rat liver mitochondria (3) and indicates 
that most of the observed exchange activity in intact mito- 
chondria is attributable to the same exchange reaction as in the 
fragments. 

The possibility that the inhibitory effect of dinitrophenol is 
caused merely by hydrolysis of ATP with the concomitant in- 
crease of ADP concentration (thus increasing the ratio of ADP 
to ATP) may be ruled out from consideration of the data in Fig. 
4. In this experiment the effect on the exchange rate of varying 
the ratio of ADP to ATP in the reaction system was studied. 


studied, the increase of the ratio of ADP to ATP caused by 
ATPase activity stimulated by dinitrophenol could not possibly 
account for the very marked inhibition of the exchange reaction 
through Michaelis effects or by substrate competition. At any 
concentration of ADP above approximately 2.0 mm, ATP may 
vary from 2 mm to 10 mM without change in the exchange rate. 
In the dinitrophenol-inhibited exchange shown in Fig. 1 the 
final ADP concentration was 5.0 mm and the ATP 8.0 mm. The 
standard assay system employed during these studies contained 
8mM ATP and3mmM ADP. With this system, 50% hydrolysis 
of the ATP did not alter the rate of the exchange reaction (see 
Fig. 4). The effect of dinitrophenol on the ATP-ADP exchange 
therefore must be explained on some other basis. As in the 
case of the exchange in membrane fragments, discharge or deple- 
tion of a hypothetical high-energy intermediate in the ATP-ADP 
exchange (other than ATP) by dinitrophenol appears to be 
possible explanation. 

Dinitrophenol Sensitivity—Although the ATP-ADP exchange 
activity of most mitochondrial preparations is completely in- 
hibited by dinitrophenol at concentrations that stimulate maxi- 
mally the ATPase activity, some preparations possessed elevated 
exchange activity which was not completely sensitive to dinitro- 
phenol, no matter how high the dinitrophenol concentration. 
These results are summarized in Table I. In all cases, however, 
the specific dinitrophenol-sensitive ATP-ADP exchange (dinitro- 
phenol-sensitive exchange activity in mumoles per mg of nitrogen 
per minute) was relatively constant. 

A possible interpretation is that this effect is attributed to 
variable content or activity of one or more other enzymes which 
catalyze a dinitrophenol-insensitive ATP-ADP exchange reac- 
tion, such as could be catalyzed by adenylate kinase. This 


possibility was investigated by determining the effect of added 


Mg++ to activate adenylate kinase. The results, presented in 
Table II show that Mgt+ does stimulate adenylate kinase activ- 
ity, as measured by incorporation of labeled AMP into ADP in 
the presence of ATP. The stimulated adenylate kinase activity 
is not inhibited by DNP. Addition of Mg++ also stimulates the 
total ATP-ADP exchange rate but this increase is not sensitive 
to dinitrophenol. 

These results also show that the addition of Mg** is not re- 


TaBLeE I 
Inhibition of ATP-ADP exchange by dinttrophenol 
The reaction system contained 0.008 m ATP, 0.005 m ADP (C*) 
(30,000 c.p.m.), 0.1 m sucrose, 0.02 m Tris buffer, pH 7.5, 0.0001 m 
dinitrophenol, and fresh mitochondria (80 to 120 ug of N) in a 
total volume of 0.5 ml. Incubation period was 10 minutes at 25°. 


ATP-ADP exchange 
Experiment Inhibition 
—2,4-Dinitro- | +2,4-Dinitro- 
phenol phenol 

Amyumoles ATP mg Nmin= % 
1 395 0 100 
2 345 35 90 
3 440 0 100 
+ 650 325 50 
5 780 390 50 
6 390 0 100 
7 450 65 85 
§ 375 0 100 
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quired for the dinitrophenol-sensitive ATP-ADP exchange reac- 
tion of intact mitochondria nor for the response to dinitrophenol. 
This may be related to the report of Myers and Slater (5) that 
the addition of Mg** is not required for optimal response of 
mitochondrial ATPase to dinitrophenol. Intact rat liver mito- 
chondria must therefore contain sufficient specifically bound 
Mg*+ to activate the ATP-ADP exchange and its response to 
dinitrophenol but insufficient Mg*+ to activate maximally 
adenylate kinase activity, as assayed in the test system used. 

Inhibition by Other Uncoupling Agents—Uncoupling agents 
such as gramicidin and Dicumarol also stimulate ATPase activity 
of submitochondrial particles (6). In addition, oleic acid and 
other fatty acids which are potent uncoupling agents also stimu- 
late ATPase activity of intact mitochondria (7). Arsenate, 
which uncouples oxidative phosphorylation by competing with 
inorganic phosphate (8), has also been shown to cause the 
“arsenolysis’? of ATP by intact mitochondria and submito- 
chondrial particles (9). 

The effect of these compounds on the ATP-ADP exchange 
reaction of intact rat liver mitochondria was studied therefore. 
The results are summarized in Table III. Also presented for 
comparison are the rates of ATP hydrolysis by mitochondria in 
the presence of each compound, measured under reaction condi- 
tions identical to those used for measurement of the exchange 
reaction except that ATP was employed so as to measure the 
rates of P; formation when arsenate was also present. In each 
case there is a direct correlation between the degree of inhibition 
of the exchange reaction by the uncoupling agent and its stimula- 
tion of ATPase activity. 

Effect of Azide on Sensitivity of ATP-ADP Exchange to Un- 
coupling Agents—In the presence of sodium azide, uncoupling 
agents have very little inhibitory effect on the exchange reaction 
of intact mitochondria. The results are summarized in Table 
IV. Inall cases azide also prevented the pronounced stimulation 
of ATPase by these uncoupling agents. A similar effect of azide 
has also been demonstrated with mitochondrial fragments (3). 
In intact mitochondria azide alone at 1.0 mM exerts a slight 
inhibition of the mitochondrial ATP-ADP exchange reaction. 

Dinitrophenol Sensitivity and pH—The pH-activity curve (Fig. 
5) for the mitochondrial ATP-ADP exchange reaction shows a 
broad peak between 5.0 and 8.0 with a maximum at 6.5. A 


TABLE II 
Effect of magnesium on ATP-ADP exchange 

The reaction system for the exchange reaction contained 0.008 
M ATP, 0.003 m ADP (C'*) (25,000 c.p.m.), 0.02 m Tris buffer, 
pH 7.5, 0.1 m sucrose, and fresh mitochondria (90 ug of N) in a 
total volume of 0.5ml. For adenylic kinase the system contained 
0.005 m ATP, 0.005 m AMP (C"*) (30,000 c.p.m.), 0.02 m Tris buffer, 
pH 7.5, 0.1 m sucrose, and mitochondria (90 ug of N) in a volume 
of 0.5 ml. The incubation period for both reactions was 10 min- 
utes at 27°. 


Additions 
ATP iA ADP 
None 340 50 
Mgt+ (2 X 10-3 m) 1300 1050 
2,4-Dinitrophenol (5 X 10-4 m) 0 60 
2,4-Dinitrophenol (5 X 10-4 M) plus 865 1000 
Mg** (2 m) 
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TaBLeE III 
Effect of uncoupling agents on ATP-ADP exchange reaction 
and ATPase activity 
The reaction system for both ATP-ADP exchange and ATPase 
assays contained 0.01 m ATP, 0.003 m ADP, 0.1 m sucrose, 0.02 mu 
Tris buffer, pH 7.5, and fresh mitochondria (75 ug of N). Incu- 
bation time was 10 minutes at 25°. 


Additions | ATPase 

Am les 

AT (Cis) mypmoles P; 
None 320 30 
2,4-Dinitrophenol (5 X 10-4 m) 30 900 
2,4-Dinitrophenol (1 X 10-4 m) 40 800 
2,4-Dinitrophenol (1 K 1075 m) 140 480 
2,4-Dinitrophenol (5 K 10-6 m) 310 100 
Dicumarol (1 XK 1074 m) 25 800 
Arsenate (0.02 m) 10 900 
Arsenate (0.01 m) 60 750 
Arsenate (0.005 m) 200 300 
Oleate (5 X 10-4 m) 30 750 
Gramicidin (5 X 10-5 m) 90 450 


TABLE IV 
Effect of azide on sensitivity of ATP-ADP exchange to 
uncoupling agents 
The test system contained 0.008 m ATP, 0.003 m ADP (C4) 
(30,000 c.p.m.), 0.1 M sucrose, 0.02 m Tris buffer, pH 7.5, and fresh 
mitochondria (80 ug of N) in a total volume of 0.5 ml and incu- 
bated for 10 minutes at 25°. 


Additions ATP-ADP exchange 


A mpmoles ATP (C14) 


None 

Azide (1 X 1073 m) 

2,4-Dinitrophenol (1 K 10-4 m) 

2,4-Dinitrophenol (1 X 10-* M) plus azide 
(1 107? m) 

Arsenate (0.01 m) 

Arsenate (0.01 m) plus azide (1 X 10-3 om) 

Dicumarol (1 X 10-4 m) 

Dicumarol (1 X 10~* M) plus azide (1 X 
M) 


100 


ATP-ADP EXCHANGE ACTIVITY 
Amp MOLES ATP(C!4) 


Fic. 5. Effect of pH on ATP-ADP exchange reaction. The 
reaction was carried out with the reaction system described in 
Table II. Tris-acetate buffer, 0.01 m, was used at the indicated 
pH values. Arsenate, 0.01 m and dinitrophenol, 1 X 10-4 mM were 
employed. The abbreviation used is DNP, dinitrophenol. 
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similar pH optimum has been observed for the nucleotide ex- 
change activity of submitochondrial particles (3). However, 
the sensitivity of the mitochondrial exchange activity to dinitro- 
phenol and to arsenate is not continuous over the entire pH range 
but shows two general areas of maximal sensitivity to these 
uncoupling agents with peaks at pH 6.5 and at pH 7.5. No 
dinitrophenol sensitivity of the ATP-ADP exchange was ob- 
served above pH 9.0. The arsenate-stimulated ATPase activity 
of mitochondria also possesses pH-activity peaks at those points 
(9). These pH optima may be compared with data of Myers 
and Slater (5) who have reported the existence of three peaks of 
dinitrophenol-ATPase activity at pH 6.3, 7.4, and 8.5. 

Stability of ATP-ADP Exchange Activity in Mitochondria— 
Studies of the ATP-ADP exchange activity of submitochondrial 
particles (3) revealed that it is quite stable to storage at 2° but 
that its sensitivity to dinitrophenol and other coupling agents is 
lost at a rate similar to the rate of inactivation of the ATP-P;*” 
exchange activity and the dinitrophenol-ATPase of the particles. 
Similar results have been observed with intact mitochondria. 
After storage at 2° approximately 30% of the total exchange 
activity was lost in 24 hours and 50% at 72 hours; however, the 
dinitrophenol sensitivity was no longer detectable after 36 hours. 


DISCUSSION 


The marked sensitivity of the ATP-ADP exchange reaction of 
intact rat liver mitochondria to uncoupling agents such as dinitro- 
phenol and Dicumarol supports the conclusion of earlier com- 
munications (1-3) that this exchange reaction is a manifestation 
of the terminal step of oxidative phosphorylation in which ATP 
is formed from ADP. All prior efforts to study the properties 
of this reaction were made with submitochondrial particles whose 
morphology and enzymatic properties differ markedly from these 
of intact mitochondria. The ATP-ADP exchange reaction of 
these particles is sensitive to dinitrophenol at concentrations 
that uncouple oxidative phosphorylation completely, inhibit the 
ATP-P;® exchange reaction, and stimulate maximally the 
ATPase activity. These results led to the conclusion that 
dinitrophenol and certain other uncoupling agents as well do not 
act directly on the ATP-ADP exchange reaction but at some 
previous step in the coupling reactions by depleting the system 
of “high-energy”’ intermediates which are in equilibrium with 
the ATP-ADP exchange reaction. Thus the magnitude of the 
response of the exchange reaction to uncoupling agents would 
depend on the relative rates of ATPase activity and the ATP- 
ADP exchange. This conclusion is supported by the results 
described here. 

These considerations may also be relevant to evaluation of 
the mechanism whereby arsenate uncouples oxidative phos- 
phorylation. This compound produces effects which are similar 
to those observed with dinitrophenol. It stimulates respiration 
of tightly coupled mitochondria (8) and submitochondrial parti- 
cles (9) in the absence of phosphate acceptor; it markedly stimu- 
lates the hydrolysis of ATP by intact mitochondria and sub- 
mitochondrial particles (9) and inhibits the ATP-ADP exchange 
reaction as described in this communication. Because of the 


ATP-ADP Exchange Reaction 


well known ability of arsenate to accelerate the hydrolysis of 
ester and anhydride bonds, the use of arsenate may provide 
significant clues to the identity of the reactive groups involved 
in oxidative phosphorylation. 

The ATP-ADP exchange enzyme has now been obtained from 
liver mitochondria in soluble, highly purified form and its role 
in the coupling mechanisms in submitochondrial systems js 
being examined (10). 


SUMMARY 


The adenosine triphosphate-adenosine diphosphate (ATP- 
ADP) exchange reaction catalyzed by intact rat liver mito- 
chondria is inhibited by uncoupling agents of oxidative phos- 
phorylation. In the absence of added cofactors and oxidizable 
substrates, the exchange reaction is nearly completely inhibited 

- by dinitrophenol, Dicumarol, and arsenate, agents which also 

j, stimulate ATPase activity. The stimulation of ATPase activity 
by dinitrophenol did not result in depletion of ATP below that 
required to saturate the enzyme for maximal ATP-ADP ex- 
change activity. 

Azide does not appreciably inhibit the ATP-ADP exchange 
activity but does prevent its inhibition by dinitrophenol. Aging 
the mitochondria also prevents the marked inhibition of the 
exchange reaction by uncoupling agents. Furthermore, maximal 
inhibition of the ATP-ADP exchange reaction by uncoupling 
agents is observed at those pH values which are optimal for the 
stimulation of ATPase by dinitrophenol and arsenate. 

These results suggest a closely coupled interaction between 
the ATP-ADP exchange reaction of intact mitochondria and 
those enzymatic steps involved in the dinitrophenol-stimulated 
ATPase reaction. They also lend further support to a mecha- 
nism of oxidative phosphorylation postulated on the basis of 
similar studies with phosphorylating submitochondrial particles. 
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In contrast to the thoroughness with which the respiratory 
enzymes of such tissues as heart muscle and liver have been 
studied, information concerning these enzymes in the adrenal 
gland isscant. Such information as is available suggests that an 
unusual pattern for the cytochromes exists in this tissue. Cohen 
and Elvehjem (2) commented on the ‘‘peculiar cytochrome spec- 
trum” of the adrenal medulla of the cow. They concluded that 
a very strong cytochrome c component was present, and that 
cytochrome a and 6 were absent. Huszdk (3) noted that the 
adrenal cortex possessed a nearly normal cytochrome pattern. 
In the medulla he could observe no cytochrome a or c bands, but 
reported a strong band in the region of 559 my which he attrib- 
uted to cytochrome b. Since Husz4k could demonstrate no 
cytochrome oxidase activity in the medulla, he felt that oxidation 
of substrates proceeded by way of a peroxidative mechanism. 
Tsou (4), on the other hand, was able to demonstrate cytochrome 
oxidase activity in the medulla, but little if any cytochrome c. 
He observed the presence of a strong band at 561 my which was 
referred to as cytochrome b. 

In view of these divergent conclusions and in the light of newer 
methods and knowledge, it seemed worth-while to reinvestigate 
some of the oxidative pathways in the adrenal gland. The 
present study deals with the adrenal medulla, and an accom- 
panying paper deals with the cortex (5). It will be shown here 
that the adrenal medulla contains the regular mitochondrial 
cytochrome system. In addition, this tissue contains a hemo- 
chromogen which is apparently microsomal in origin and is 
abundantly present in the epinephrine-containing granules. The 
presence in the medulla of the enzymes succinate dehydrogenase, 
reduced di- and triphosphopyridine nucleotide-cytochrome c re- 
ductase, and transhydrogenase is also demonstrated. 


EXPERIMENTAL PROCEDURE 


Beef adrenal glands were obtained at a local slaughter house 
and brought on ice to the laboratory. The medullas were dis- 
sected from the cortical tissue and all subsequent procedures 
carried out with ice-cold solutions or in cold rooms at tempera- 
tures of +5 to —5°. The medullary tissue was homogenized 
with 0.32 M sucrose in a glass homogenizer of the Potter-Elvehjem 
type to yield a 20% tissue suspension. This homogenate was 


* This work was supported in part by funds received from the 
Eugene Higgins Trust through Harvard University and the Life 
Insurance Medical Research Fund. A preliminary report has 
been published (1). 

f Research Fellow of the National Foundation for Infantile 
Paralysis, Inc., 1956 to 1958. Present address, Massachusetts 
General Hospital, Boston, Massachusetts. 


then subjected to centrifugation to yield various fractions. First 
the nuclei and cellular debris were obtained by sedimentation at 
800 < g for 15 minutes. The supernatant fluid so obtained was 
centrifuged at 15,000 x g for 20 minutes in a Servall SS-1 centri- 
fuge to yield a precipitate and supernatant fluid B. The precip- 
itate was washed once in cold 0.32 m sucrose and the centrifuga- 
tion procedure repeated. The sediment obtained has been 
termed the “large granule fraction.”’ It contains both mitochon- 
dria and epinephrine granules (6). The supernatant fluid, C, 
was combined with supernatant fluid B and the mixture sub- 
jected to centrifugation at 26,000 x g for 3 hours to yield a sedi- 
ment which has been termed “microsomes” and a final super- 
natant fluid. | 

In some experiments the large granule fraction was frac- 
tionated further by the use of a sucrose density gradient tech- 
nique in a manner similar to that employed by Blaschko, Hagen, 
and Hagen (6). Ina 15-ml Lusteroid centrifuge tube, 2 ml each 
of 1.5, 1.35, 1.2, 1.05, and 0.9 m sucrose were carefully layered 
in the order cited. A 1-ml layer of the large granule fraction 
suspended in 0.32 mM sucrose was then placed on top of these and 
the tubes centrifuged at 26,000 x g for 1 hour in the Servall 
centrifuge. Tissue fractions formed between the 1.05 and 1.2, 
1.2 and 1.35, and 1.35 and 1.5 m sucrose layers, and a pellet was 
obtained at the bottom of the tube. Because a clean separation 
of fractions was not achieved by this technique, the experiments 
to be reported here were performed on an upper layer and lower 
layer obtained by using the middle of the 1.35 m sucrose layer as 
the dividing point. 

Absorption spectra were measured at room temperature in a 
Beckman model DU spectrophotometer which had been cali- 
brated at several wave lengths by means of a mercury lamp. Cu- 
vettes with a 1-cm light path were employed throughout. Meas- 
urements under anaerobic conditions were performed in cuvettes 
attached to a Thunberg-type tube in the manner previously 
described (7). The cuvettes were evacuated and flushed with 
nitrogen repeatedly to insure complete removal of oxygen. In 
some cases, turbid suspensions of the particles in 0.05 m phosphate 
buffer, pH 7.4, were employed. When this method was used, 
the instrument was balanced against a control cuvette contain- 
ing a like amount of turbid suspension. Hence, the spectra ob- 
served with this method were “difference spectra’’ and repre- 
sented changes in the experimental sample as compared to an 
untreated sample. In most cases, spectra were obtained on 
fractions which had been solubilized by treatment with 2% solu- 
tions of deoxycholate in 0.05 m glycylglycine buffer, pH 7.4. 
Centrifugation of such preparations for 1 hour at 26,000 x g 
yielded clear colored supernatants and a small, relatively color- 
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TABLE I pH 7.4, 0.03 umole of cytochrome c, and 100 uwmoles of succinate. 


Distribution of nitrogen and catechol amines in medullary fractions 


| Nitrogen Catechol amines 


mg/g medulla mg/g medulla mg/mg nitrogen 


Original homogenate..... 19.7 11.2 | 0.57 
Nuclear fraction........ 6.5 0.91 0.14 


Large granules........... 4.4 5.28 1.20 
Microsomes............. 1.0 0.52 0.52 
Final supernatant........ 5.7 3.92 0.67 


less pellet. When this method was employed, it was found 
necessary to subject all particulate fractions to a preliminary 
wash before the deoxycholate treatment by homogenizing the 
fractions with either distilled water or 0.85% NaCl solution and 
centrifuging for 1 hour at 26,000 x g. This treatment served 
to remove the adrenaline from the particles without noticeably 
altering their cytochrome content. If adrenaline was not so 
removed, it was rapidly oxidized to colored products in the deoxy- 
cholate homogenates which obscured the measurement of the 
cytochromes. 

The various tissue fractions were treated with trichloroacetic 
acid in an amount sufficient to yield a 7% final concentration. 
The suspension was centrifuged and the supernatant fluid used 
for the assay of the total catechol amines by the method of von 
Euler and Hamberg (8) at pH 6.0. The precipitate was em- 
ployed for determination of total nitrogen. Digestion was per- 
formed by a micro-Kjeldahl procedure (9) and the ammonia 
formed was distilled and determined by nesslerization. 

Transhydrogenase assays were carried out essentially by the 
method of Kaplan e¢ al. (10), measuring the changes in absorp- 
tion at 340 mu during the period 1 to 7 minutes after initiation 
of the reaction. Each cuvette contained, in a total volume of 
3 ml, an aliquot of the tissue fraction, 200 umoles of Tris buffer, 
pH 7.5, 10 umoles of KCN, and 200 ywmoles of nicotinamide. 
Also added, depending on the direction of the reaction under 
measurement, were either (a) 0.25 umole of TPN, 10 uwmoles of 
MgCle, 10 umoles of glucose 6-phosphate, and enough glucose 
6-phosphate dehydrogenase to reduce the TPN in 3 to 4 minutes, 
followed by 1.0 umole of DPN; or (6) 0.25 umole of DPN, 0.05 
ml of 95% ethanol, and alcohol dehydrogenase sufficient to re- 
duce the DPN in 3 to 4 minutes, followed by 1.0 umole of TPN. 
A control cuvette, in which either TPN or DPN was omitted, 
was run with each assay. The determinations were run at 37°, 
and were preceded by preincubation of the cuvettes containing 
everything but the final DPN or TPN at 37° for 15 minutes. 
Without such a preincubation, the rate of the reaction increased 
markedly with time, suggesting that as the particles lysed in the 
hypotonic medium, substrate and enzyme may have had freer 
access to one another. DPNH- and TPNH-cytochrome c re- 
ductase activities were assayed at 25° by measuring the change 
in absorbancy at 550 my. Each cuvette contained, in a total 
volume of 3 ml, an aliquot of the tissue fraction, 100 umoles of 
phosphate buffer, pH 7.4, 1 umole of KCN, 0.09 umole of cyto- 
chrome c in the oxidized form, and either 0.4 umole of DPNH or 
0.4 umole of TPNH. A control cuvette containing all compo- 
nents except DPNH or TPNH was run simultaneously. 

Succinate oxidase activity was determined by measuring mano- 
metrically the oxygen consumed by the various fractions in a 
total volume of 3 ml, containing 100 umoles of phosphate buffer, 


Because of the large adrenaline content of the medullary frag. 
tions, the oxygen consumed by the control flasks containing no 
succinate was quite large. Since the oxidation of epinephrine 
was minimal in the absence of cytochrome c, it was felt desirable 
to use a method not requiring cytochrome c. For this reason, 
the succinic dehydrogenase activity of the fractions was deter. 


mined in some of the later experiments. This was measured as 


the amount of oxygen consumed in the presence of 100 umoles 
of phosphate buffer, pH 7.4, 100 umoles of succinate, 3.2 mg of 
brilliant cresyl blue, and 3 uwmoles of KCN in a total volume of 
3 ml (11). The oxygen consumption of control flasks containing 
no substrate was negligible with this assay. Both succinic oxi- 
dase and succinic dehydrogenase assays were run at 37°. 

When attempts were made to measure cytochrome oxidase 
activity, by the manometric procedure with p-phenylenediamine 
as substrate, a large oxygen uptake was obtained. This activity 
was not diminished by boiling the tissue fraction, and was only 
slightly inhibited by cyanide. Since it seemed likely that the 
large epinephrine content of the medullary fractions might in 
part be responsible for this oxygen uptake, epinephrine and 
p-phenylenediamine were incubated singly and together in the 
absence of tissue. Each substrate alone consumed a small 
amount of oxygen, but when both were present together, a large 
uptake occurred. Cytochrome oxidase activity in the medulla 
was therefore investigated by measuring the decrease in absorp- 
tion of reduced cytochrome c at 550 my in the presence of an 
aliquot of the tissue in 3 ml containing 100 wmoles of phosphate 
buffer, pH 7.4, and 0.06 umole of reduced cytochrome c. 

The amount of cytochrome c present in the medulla was deter- 
mined on the whole tissue by the method of Rosenthal and Drab- 
kin (12). Recovery assays were run by adding known amounts 
of cytochrome c to samples of the medulla. At the same time, 
beef heart muscle was analyzed for its content of cytochrome c, 
and recovery studies were made on this tissue as well. 

The pyridine nucleotides employed were the purest prepara- 
tions obtainable from Sigma Chemical Company or Pabst Lab- 
oratories. Cytochrome c was a sample kindly supplied by Eh 
Lilly and Company. The deoxycholate was purified as described 
previously (7). 


RESULTS 


The distribution of protein nitrogen and catechol amines in 
the various fractions obtained by differential centrifugation is 
shown in Table I. 

Absorption Spectra of Large Granule Fraction—The absorption 
spectra of a 2% deoxycholate extract of the large granules showed 
an absorption maximum at 559 my and a Soret band at 422 mp 
(Fig. 1). The 559-myu band was not diminished on shaking in 
air, but disappeared on addition of ferricyanide. When cysteine 
was added to this preparation under anaerobic conditions, the 
absorption at 559 my was greatly intensified, and in addition, 
there was an indication of a small peak at 605 mu. A secondary 
band was visible at 527 my, and the Soret band shifted to 427 
mu. The addition of dithionite to this preparation further 
intensified the absorption and shifted the peaks to 560, 530, and 
428 mu. When a spectrum was plotted for the difference in 
absorption obtained with dithionite and cysteine, maxima at 
430, 532, and 563 my were found. These results suggest the 
presence in the large granule fraction of cytochromes 6 and a + 
a3 as well as a large amount of a cytochrome absorbing at 599 
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mp. Ascorbate and epinephrine produced the same picture as 
did cysteine, reducing the 559 my cytochrome and cytochromes 
a + a3, but not.cytochrome b. DPNH and TPNH readily re- 
duced all of the cytochromes to approximately the same extent 
as dithionite, but succinate was ineffective as a reducing agent 
in the presence of deoxycholate. 

When turbid suspensions of the large granule fraction were 
investigated in the Beckman instead of deoxycholate-clarified 
preparations, all of the cytochrome components appeared to be 
reduced in 15 minutes by DPNH, TPNH, glutamate, malate, and 
succinate (Fig. 2). No reduction occurred in the absence of 
substrate. It should be pointed out that the 559-my peak seen 
in untreated deoxycholate-solubilized preparations would pre- 
sumably be present in both the control and experimental cu- 
vettes when turbid preparations were studied and would there- 
fore not be detected in the difference spectra being discussed 
here. When both succinate and antimycin A were added to these 
turbid preparations, under aerobic conditions, only cytochrome 
b was reduced (Fig. 2), and this proved a useful tool for studying 
the presence of cytochrome b in the various medullary fractions. 
On the other hand, DPNH in the presence of antimycin A re- 
duced not only cytochrome b, but also the 559 my cytochrome 


Fic. 1. Absorption spectra of a deoxycholate extract of medul- 
lary large granules. In B, each milliliter of buffered 2% deoxy- 
cholate extract contains the material yielded by the granules ob- 
tained from 0.25 g of fresh medulla, and in A, this extract was 
diluted 1 to 5 with 2% buffered deoxycholate solution. 
extract shaken in air; --—-, reduced with 3.3 wmoles per ml of 
cysteine; ——, reduced with a small amount of dithionite. 


4 OPTICAL DENSITY 


“550 “600 my 


Fig. 2. Absorption spectra of turbid suspensions of medullary 
large granules. The granules from 0.19 g of medulla were sus- 
pended in 1 ml of 0.05 m phosphate buffer, pH 7.4. Curve A repre- 
sents the difference spectrum between the control turbid prepara- 
tion and one containing 33 umoles of succinate per ml under 
anaerobic conditions. Curve B is the difference spectrum between 
the control and a preparation containing 33 wmoles per ml of 
— and 5 wg per ml of antimycin A under aerobic condi- 

ions. 
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TABLE II 


Distribution of catechol amines, 559 mp cytochrome, and cytochrome 
b in large granule fraction, upper and lower layers of density 
gradient fractionation, and microsomes 

Values are expressed per milligram of nitrogen. In most ex- 
periments, the total nitrogen of the large granule fraction was 
about equally divided between the upper and lower layers. 


Catechol amines (mg) 3 1.52 | 0.39 | 1.98 | 0.68 
3 0.68 | 1.85 

4 0.80 | 0.57 | 0.89 | 0.45 

9 0.91 | 0.389 | 1.33 | 0.31 
9 0.51 | 1.94 

Absorbancy at 559 my 3 0.069 | 0.049 | 0.071 | 0.058 
(cysteine) 3 0.044 | 0.074 
4 0.049 | 0.046 | 0.047 

9 0.027 | 0.015 | 0.033 | 0.024 
9* 0.033 | 0.054 

Cytochrome b (absorb- 3 0.023 | 0.032 | 0.018 | 0.020 
ancy at 563 my in differ- 3 0.030 | 0.008 
ence spectrum) 4 0.025 | 0.031 | 0.015 

9 0.013 | 0.016 | 0.005 | 0.005 
OT 0.032 | 0.010 


* Turbid suspension reduced with cysteine. 
t Turbid suspension reduced with succinate in presence of 
antimycin A (aerobic). 


suggesting the existence of a pathway from DPNH to the 559 
my cytochrome which is not sensitive to antimycin A. 

Sucrose Density Gradient Fractionation of Large Granules— 
When the large granule fraction was subdivided by sucrose den- 
sity gradient centrifugation, the catechol amines were concen- 
trated in the lower layer (Table II). The absorption spectra 
of the two layers as measured in buffered 2% deoxycholate ex- 
tracts are shown in Fig. 3. In order to obtain an approximation 
of the content of the various cytochrome components in these 
two layers, as well as in the original large granule fraction, base 
lines were drawn to correct for the nonspecific absorption of the 
preparations, as shown in Fig. 3. Both upper and lower layers 
showed some absorption at 559 my on reduction with cysteine. 
However, when the density above the base line at 559 my was 
expressed per milligram of nitrogen in the fraction (Table II), it 
was found that the layer richest in catechol amines contained a 
larger concentration of the 559 my cytochrome than did the 
upper layer. When the amount of cytochrome 6 present in each 
fraction was estimated from the difference in reduction at 563 
my obtained with dithionite and cysteine, expressed per milli- 
gram of nitrogen in the fraction, the upper layer was found to 
have the larger concentration of cytochrome 6 (Table II). Sim- 
ilarly, this layer contained larger amounts of cytochromes a plus 
a; (Fig. 3). The greater abundance of cytochrome a + a; and 
b in the upper layer suggest that mitochondria are concentrated 
in this layer. Thus, the large granule fraction is apparently 
composed of two types of particles, granules containing catechol 
amines and those containing mitochondria. Although a variety 
of differential centrifugation techniques were tried, none of those 
used was capable of achieving a complete separation of the two: 
types of particles. 
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FPN-4AVO 


600 my 

Fig. 3. Absorption spectra of deoxycholate extracts of A, 
(mitochondria) and B, gradient (epinephrine granules) layers from 
sucrose density centrifugation of the large granule fraction. One 
ml of 2% deoxycholate was used to extract the particles from 0.53 g 
of medulla. ---, shaken in air; - - -, reduced with 3.3 wymoles per 
ml of cysteine; ——, reduced with dithionite. C is the difference 
spectrum between the dithionite and cysteine curves of A, and 
D is the difference spectrum between the dithionite and cysteine 
curves of B. The dashed line connecting the troughs of the 
cysteine curve of B is an example of the base lines used for calcu- 
lating the optical density of a peak. 


. 
. 
. 


490 51 550 600 My 


Fic. 4. Absorption spectra of a deoxycholate extract of micro- 
somes. In B, each ml of buffered 2% deoxycholate extract con- 
tains the material yielded by the microsomes obtained from 0.43 
g of medulla, and in A, this extract was diluted 1 to 4 with 2% 
buffered deoxycholate solution. Symbols as in Fig. 1. 


Similar results were obtained when the two subfractions were 
studied as turbid suspensions, comparing the density at 559 mu 
in the presence of cysteine with the density at 563 my in the 
presence of antimycin A and succinate. By this technique, the 
upper layer had an absorbancy at 563 muy in the presence of 
antimycin A and succinate approximately 3-fold the absorbancy 
found in the lower layer, and the lower layer had approximately 
14 times as much density at 559 my on reduction with cysteine 
(Table IT). 

Cytochrome c Determination—Because of the large absorption 
given by the 559 my cytochrome on reduction with cysteine, it 
was difficult to determine whether cytochrome c was present in 
the medullary particles. In the direct extraction procedure for 
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cytochrome c on whole medullary tissue, it was possible to dem. 
onstrate the presence of an absorption spectrum typical of cyto. 
chrome c with maxima at 520 and 550 my on reduction with 
dithionite. With a micromolar extinction coefficient of 28.1 for 
the reduced form at 550 muy, the following values were obtained 
on three separate determinations: 10 X 10-4, 17 xX 10-4, and 
5.6 < 10-4 umoles of cytochrome c per g of wet tissue. These 
values may be compared with concentrations of 161 x 
10-4 and 200 x 10-4 umoles per g of beef heart determined at the 
same time. The average recovery of added cytochrome c (see 
“Experimental Procedure’) was 80% for medullary tissue, and 
95% for heart muscle, and the values cited above were corrected 
for these recoveries. 

Absorption Spectra of Microsomes—The absorption spectra of 
deoxycholate-solubilized microsomes are shown in Fig. 4. The 
untreated preparation again had some absorption at 559 my, 
527 mu and 420 mu. Cysteine and dithionite reduction intengj- 
fied the absorption at 559 my and 527 my and shifted the Soret- 
band to 427 mu. There was little evidence for the presence of 
cytochrome 6 as determined by the difference between the 
amount of reduction obtained with cysteine and dithionite, 
There is a suggestion of the presence of a trace of cytochrome 
a + a; as judged by the absorption at 605 mu. The main eyto- 
chrome component of the microsomal fraction appears to be the 
559 my cytochrome. 

Relative Concentrations of Cytochromes—lIn order to obtain an 
approximation of the relative amounts of each of the cytochromes 
present in the large granule fraction, the absorbancy above the 
base line was measured at 559 my on reduction with cysteine, at 
563 my in the dithionite less cysteine difference spectrum, and at 
605 my on reduction with cysteine. The averages of these ab- 
sorbancies were compared with the absorbancy of cytochrome c 
at 550 my in the whole tissue extract. The ratios of the densities 
were cytochrome c to cytochromes a + a3 to cytochrome 6 to 
cytochrome at 559 my, 1:1.4:5.5:9.7. 

Hemochromogen Formation—lIn the course of reducing a deoxy- 
cholate preparation of medullary particles with a reaction mix- 
ture containing, among other things, 0.07 m nicotinamide, a 
strong intensification of the absorption and a shift of the absorp- 
tion maximum to 557 my was noted. Since the customary pro- 
cedures for forming the pyridine hemochromogen use a strongly 
alkaline solution, the possibility of forming such hemochromogens 
under the milder conditions of a pH 7.4 deoxycholate-glycyl- 
glycine solution was investigated. It was found that under these 
conditions, nicotinamide readily vielded a hemochromogen with 
the medullary cytochromes absorbing maximally at 557 mp, 
whereas pyridine, at a concentration of 0.07 M also, yielded its 
characteristic hemochromogen with an absorption maximum at 
558 mu. Similar results were obtained with deoxycholate ex- 
tracts of liver microsomes. 

Effect of Carbon Monoxide on Absorption Spectra—In order to 


investigate the possibility that the medullary spectra might in — 


part be caused by hemochromogens derived from hemoglobin 
degradation, deoxycholate-solubilized preparations reduced with 
dithionite were equilibrated with carbon monoxide and their 
visible spectra observed. No alteration was seen in the absorp- 
tion spectra. Although a change in the band at 605 mp with 
carbon monoxide might be expected, none was observed. Such 
a change would, however, be very difficult to detect because of 
the small amount of cytochrome oxidase present. 

Medullary Enzymatic Activitics—In Table III, the activities of 
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the medullary enzymes measured are presented for the large 
granules, for the upper and lower layers from a sucrose density 
gradient fractionation of the large granules, and the microsomes. 
In order to make the activities presented in Table III more 
directly comparable, they are expressed as microequivalents of 
the substrate measured per hour; that is, micromoles of cyto- 
chrome c, micromoles of DPNH or TPNH x 2, and micromoles 
of oxygen X 4. It may be seen that succinate oxidase and de- 
hydrogenase activity is highest in the upper layer of the large 
granules. This localization is thus the same as that found for 
cytochromes a + a3 and b, which adds further support to the 
concentration of the mitochondria in this fraction. Both 
DPNH-cytochrome c reductase and TPNH-cytochrome c reduc- 
tase-activity are more concentrated in the microsome fraction. 
The activity of the former system is, however, some 100 times 
greater than the latter. The catechol amine-containing granules 
would appear to be low in DPNH-cytochrome c reductase activ- 
ity. Transhydrogenase activity is greatest when measured in 
the direction TPNH + DPN — DPNH + TPN. The activity 
of this enzyme would also seem to be highest in the fraction in 
which the mitochondria appear to be concentrated. 

Effect of Inhibitors—Succinic oxidase activity of the medullary 
large granule fraction was completely inhibited by antimycin A 
at a concentration of 2 wg per ml, by 5 wg per ml of SN 5949, 
and 10-m KCN. Similarly, the cytochrome c oxidase activity 
of these granules, assayed spectrophotometrically, was com- 
pletely inhibited by 10-*m KCN. However, neither the DPNH- 
cytochrome c reductase nor the TPNH-cytochrome c reductase 
activity of the medulla was inhibited by 2 ug per ml of antimycin 
A, or by 20 wg per ml of SN 5949. 


DISCUSSION 


The most striking aspect of the cytochrome pattern of the 
adrenal medulla is the presence of a relatively large amount of a 
compound which shows in the reduced state an absorption band 
centered at 559 mu. The exact localization of this component 
in the organelles of the cells is difficult to determine. It is defi- 
nitely present in the microsome fraction in which the other 
cytochrome components are absent or scant. It is also present 
in abundance in a large granule fraction. This fraction may be 
subdivided in two. One of these, which is very rich in catechol 
amines, also contains more of the 559 my compound, but is low 
in content of the cytochromes usually associated with the mito- 
chondria. The other subfraction contains the bulk of the mito- 
chondrial cytochromes and is richest in succinate oxidase and 
dehydrogenase activity. It is, however, not free of the compo- 
nent absorbing at 559 my. It should be noted, however, that 
this subfraction contains an appreciable amount of catechol 
amines and thus is undoubtedly not free of the granules carrying 
these materials. These findings suggest that this cytochrome 
component is localized chiefly in the microsomes or rather in the 
endoplasmic reticulum from which the microsomes are derived. 
The data obtained do not permit one to state that it is absent 
from the mitochondria. The fact that the large granules which 
are rich in catechol amines also contain this microsomal cyto- 
chrome makes it*tempting to suggest that these granules are 
derived from the endoplasmic reticulum. They would thus bear 
the same relation to the endoplasmic reticulum of the adrenal 
medulla as the zymogen granules of the pancreas bear to the 
endoplasmic reticulum of this gland (13). 

The presence of a microsomal cytochrome has been reported 
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| TABLE III 

Activity of respiratory enzymes in adrenal medullary granules 

Succinic oxidase and dehydrogenase values are expressed as 
microequivalents of oxygen consumed; the DPNH- and TPNH- 
cytochrome c reductase values, as microequivalents of cytochrome 
c reduced; and the transhydrogenase values, as microequivalents 
of either DPNH or TPNH produced. All values are corrected 
for the values obtained with controls. In making these calcula- 
tions, the extinction coefficients employed were: TPNH and 
DPNH at 340 mu, 6.22 X 106 cm? per mole; and cytochrome c at 
550 mu, 19.1 K 10° cm? per mole for the difference between the 
oxidized and reduced forms. 


La Upper |... 
qrantles [SERGE | | Microsomes 
Enzyme 2 
per per 
tissue) mg TF | tissue | 
neg/hr 
Succinic oxidase 1 259 13. 15 
2 197 23 
3 154 35 (116 (18 | 56 36 
3 84 24 
Succinic dehydrogenase 4 188 35 | 76 382 | 22 22 
5 200 40 40 39 
Mean 200 45 | 92 25 (31 28 
DPNH-cytochrome c reduc- | 4 |182 (34 | 40 (22 | 78 77 
tase 5 (253 (51 92 88 
6 192 44 | 56 (15 | 86 (74 
7 (217 164 (92 
8 205 (75 223 92 
Mean 210 55 | 48 18 (129 (85 
TPNH-cytochrome c reduc- | 4 2.3) 0.5 0.8 0.8 
tase 5 1.8; 0.4 0.8; 0.8 
7 | 0.3) 0.1 1.3) 0.7 
8 0.3) 0.1 0.4 
Mean z= 0.3 1.0 0.7 
Transhydrogenase 4 41 13.4) 7.1; 4.8) 4.8 
TPNH + DPN — 5 | 42 | 8.5 3.2) 3.1 
DPNH + TPN 6 | 24 | 5.8) 2.1) 6.4) 5.5 
7 | 24 8.1 12.7) 7.1 
8 | 21 | 7.7 14.2) 5.9 
Mean 30 | 7.5 4.6 8.3] 5.3 
Transhydrogenase 5 17 | 3.4 1.7) 1.6 
DPNH + TPN — 7112 | 4.1 7.4) 4.1 
TPNH + DPN 8 | 11 | 3.9) 6.6| 2.7 
Mean 13 | 3.5 5.2) 2.1 


in liver by Strittmatter and Ball (14), in mammary gland and 
intestinal mucosa by Bailie and Morton (15), and in pancreas 
by Pallade and Siekevitz (16). The microsomal hemochromogen 
of the adrenal medulla has properties similar to its counterpart 
in the liver. It is more readily reduced by cysteine than is cyto- 
chrome b and is easily reduced by DPNH. The fact that suc- 


| 
dem- 
| CVto- 
with 
8.1 for 
tained 
and 
These 
1 x 
at the | 
, and 
ected 
ra of 
The 
) my, 
ensi- 
oret- 
ce of 
the 
mite, 
rome 
*Vto- 
the 
nan 
mes 
e,at 
dat 
ab- 
ec | 
ities 
Dto 
| 
1X- 
gly 
ens 
ese 
ith 
ny, 
its 
at 
| | 
in 
yin 
th $e 
ir 
| 
th | 
h | 
of 
of | 


250 


cinate was found to reduce the 559 my cytochrome in turbid 
suspensions would seem to differentiate it from the liver microso- 
mal cytochrome. However, in experiments which we have con- 
ducted with turbid suspensions of liver microsomes, it has been 
found that though succinate does not reduce the cvtochrome of 
carefully purified microsomes, it will do so if a small amount of 
liver mitochondria are added. It thus seems likely that during 
succinate oxidation in the mitochondria, either a metabolite is 
produced which diffuses out to reduce the microsomal hemochro- 
mogen or reduction occurs by direct contact of the microsomal 
and mitochondrial particles. 

Previous investigators (6) have noted the existence of two 
types of particles in the medullary large granule fraction, a 
denser, more rapidly sedimenting granule containing the bulk of 
the tissue epinephrine and a second particle in which the suc- 
cinate oxidase of the tissue is localized. The present work has 
confirmed the presence of these two particles and has demon- 
strated that in addition to succinate oxidase, a full complement 
of the usual mitochondrial cytochromes is present in the lighter 
particles. The total content of mitochondrial cytochromes in 
the adrenal medulla is, however, not large. For example, the 
cytochrome c content of beef adrenal medulla as determined by 
direct analysis is only about 8% of that found in beef heart. 
In addition, succinate dehydrogenase and DPNH-cytochrome 
c reductase activities are low as compared with rat liver (14). 
Thus the enzymes which are involved in the transport of elec- 
trons to oxygen are not abundant in the adrenal medulla. | 

On the other hand, it is of interest to note that the content of 
the TPNH-generating enzymes, glucose 6-phosphate dehydro- 
genase and 6-phosphogluconate dehydrogenase, has been re- 
ported by Glock and McLean (17) and Kelly e¢ al. (18) to be high 
in the adrenal medulla. As shown in this study, the TPNH- 
cytochrome c reductase activity of this tissue is very low. In- 
deed, it is less than 1% of the activity of the DPNH-cytochrome 
c reductase activity of either the large granule or microsomal 
fraction. The transhydrogenase activity of the tissue is, how- 
ever, higher than any reported by Kaplan et al. (10) for a variety 
of tissues. 

The total capabilities of the tissue for oxidation of TPNH by 
way of the transhydrogenase reaction are about 40 yeq (elec- 
trons) per g of tissue per hour as measured at 37°. The amount 
oxidized by way of the cytochrome c reductase pathway is neg- 
ligible by comparison. The data of Kelly et al. (18) indicate 


that as measured at 25°, beef adrenal medulla is capable of pro-. 


ducing 400 weq per hour per g by the glucose 6-phosphate de- 
hydrogenase reaction alone. Corrected to 37°, this may be as- 


sumed to approximate 800 uweq per hour per g. The medulla 
thus has far less capacity to funnel electrons from TPNH to 
oxygen than it has for the production of TPNH. This tissue is 
thus well adapted to conserve TPNH for use in reductive syn- 
thetic processes, such as perhaps the formation of the catechol 


amines. 
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SUMMARY 


The predominant cytochrome of the adrenal medulla is a com. 
pound showing an absorption band at 559 my upon reduction 
with cysteine, adrenaline, ascorbate, and reduced diphospho- and 
reduced triphosphopyridine nucleotide. Upon differential cep. 
trifugation of homogenates of the tissue, this hemochromogen is 
found in a microsomal fraction and in the granules rich in cate. 
chol amines. A clean separation of mitochondria and the gran- 
ules containing catechol amines could not be achieved, A 
fraction was obtained however, in which an enrichment of cyto- 
chrome b + cytochromes a + a3 could be demonstrated spectro- 
scopically. Cytochrome c in the whole medulla was extracted 
and determined quantitatively. Its content is only 6% of that 
found in beef heart. The quantitative distribution of the en. 
zymes succinate dehydrogenase, reduced diphospho- and reduced 
triphosphopyridine nucleotide cytochrome c reductase, and trans- 
hydrogenase in the various fractions of the medulla has been 
measured. It was found that the content of enzymes in the 
medulla capable of gearing electron transport from reduced 
triphosphopyridine nucleotide to oxygen was greatly exceeded by 
the values reported in the literature for its content of enzymes 
capable of producing reduced triphosphopyridine nucleotide. 
This relationship is discussed in regard to the use of reduced 
triphosphopyridine nucleotide by the gland for reductive syn- 
thetic purposes. 
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On the basis of his observations with the hand spectroscope, 
Huszik (1) stated that the adrenal cortex contained cytochromes 
c,b, and a + a3, as well as an unknown cytochrome absorbing be- 
tween cytochromes b and c. The present study has attempted 
to define both the cytochromes present in the beef adrenal cortex, 
as well as their distribution among the cell fractions. It confirms 
the presence of cytochromes c, b, and a + az, and indicates the 
likelihood that cytochrome c, is the unknown cytochrome men- 
tioned by Husz4k. All of these cytochromes are present in the 
cortical mitochondria, and it has not been possible to demonstrate 
the presence of a microsomal cytochrome in the cortex such as is 
present in the microsomes of liver (2) or of the adrenal medulla 
3). 
| A survey has also been made of several of the respiratory en- 
zymes of the cortex. Similar to what has already been reported 
for the adrenal medulla (3), it showed that the enzymes responsi- 
ble for the transfer of electrons to O2 from reduced triphospho- 
pyridine nucleotide are of much lower activity than those responsi- 
ble for the production of this reduced coenzyme. Such a 
relationship is fitting in view of the synthetic requirements for 
reduced triphosphopyridine nucleotide in the various hydrox- 
ylation steps of steroid biosynthesis (4, 5). 


EXPERIMENTAL PROCEDURE 


Beef adrenal glands were obtained from a local slaughter house 
and brought on ice to the laboratory. The cortical material was 
dissected free from medullary tissue, and the cortices from several 
glands were pooled and homogenized in 0.32 m sucrose to yield a 
tissue suspension of 20%. The nuclei were removed by cen- 
trifuging the homogenate at 800 X g for 15 minutes. The mito- 
chondrial fraction was sedimented at 11,000 x g for 20 minutes 
and washed once in 0.32 mM sucrose at this speed. The fluffy 
layer was decanted from the mitochondrial pellet with the mito- 
chondrial supernatant, and centrifugation of the combined mito- 
chondrial supernatant and wash at 26,000 x g for 3 hours yielded 
a fraction which according to custom will be termed microsomal, 
although as the data will indicate this may be a misnomer. All of 
these procedures were carried out in cold rooms at +5 to —5°. 

Absorption spectra were determined at room temperature on 
both 2% buffered deoxycholate extracts and on turbid suspen- 
sions with the use of a Beckman model DU spectrophotometer 
in the manner described previously (3). 


*This work was supported in part by funds received from the 
Eugene Higgins Trust through Harvard University. 
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Succinic dehydrogenase, DPNH- and TPNH-cytochrome c 
reductase, transhydrogenase, cytochrome c and nitrogen were 
measured by the methods described in the preceding paper (3). 
The nitrogen determinations in the present study were made, 
however, directly on the various tissue fractions instead of on 
their trichloroacetic acid precipitates. 


RESULTS 


Analysis of the original homogenate from 1 g of cortex yielded, 
on the average, values for its total nitrogen content of the order of 
20 mg. In a representative experiment, the percentage of this 
total nitrogen in the various fractions obtained by differential 
centrifugation was as follows: nuclei, 34; mitochondria, 17; mi- 
crosomes, 21; final supernatant fluid, 26. 

Cytochrome Components of Cortical Mitochondria—When oxi- 
dized preparations of cortical mitochondria suspended in 0.05 m 
phosphate buffer, pH 7.4, were viewed in the hand spectroscope, 
no bands were visible. On reduction with dithionite, a broad 
absorption band was visible in the region of 550 to 562 mu. <A 
prominent 605-my band was also seen, as well as faint secondary 
bands at 520 to 530 mu. When a reduced preparation suspended 
in a glycerol-phosphate buffer, 1:1 (pH 7.4, 0.05 m), was viewed 
at the temperature of liquid air, the 550- to 562-my band was 
greatly intensified and was split into two bands, one at approxi- 
mately 560 my and another weaker one at about 552 mu. 

Absorption spectra of cortical mitochondria determined on 
deoxycholate-solubilized preparations are shown in Fig. 1. It 
was found necessary to wash the mitochondria thoroughly before 
deoxycholate treatment to remove adsorbed hemoglobin. The 
preparation in Fig. 1, for example, was washed twice with 0.9% 
NaCl solution and once with 0.05 m glycylglycine buffer, pH 7.4, 
before it was judged free of hemoglobin by spectroscopic exami- 
nation. The oxidized preparation showed no characteristic 
peaks, although the background level of absorbancy of these 
preparations was quite marked. On reduction with cysteine, 
peaks at 520 my, 550 to 552 my, and 605 mu were seen. Addition 
of dithionite greatly intensified the absorption in the region of 
532 and 560 to 563 mu. The identity of the cytochrome compo- 
nents reduced by these two agents can be more clearly seen from 
the difference spectra shown in Fig. 1. The curve representing 
the difference spectrum between the cysteine-reduced and the 
oxidized preparations shows absorption maxima at 522 and 553 
my, probably representing the combined peaks of cytochrome c 
and c;, as well as a maximum at 605 mu, representing cyto- 
chromes a and a3. On reduction with dithionite, there appears, 
in addition to the bands already mentioned, a strong band at 563 
my with a secondary band at 532 my. This is the region in 
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Fig. 1. Absorption spectra of a deoxycholate extract of cortical 
mitochondria. The particles from each 0.5 g of cortex were ex- 
tracted with 1 ml of a 2% solution of deoxycholate in 0.05 m glycyl- 
glycine buffer, pH 7.4. A, shaken in air; B, reduced with 3.3 
umoles per ml of cysteine; C, reduced with a small amount of 
dithionite; D, difference spectrum of Curve B less Curve A; E, 
difference spectrum of Curve C less Curve B. 
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Fic. 2. Absorption spectra of turbid preparations of cortical 
mitochondria, 0.05 m phosphate buffer, pH 7.4. A, particles from 
0.2 g of cortex per ml, reduced with 33 wmoles per ml of succinate 
in the presence of 5 ug per ml of antimycin A under aerobic condi- 
tions. Readings taken at 5 minutes. B, particles from 0.26 g 
of cortex per ml, reduced as in A, readings taken at 15 minutes. 
C, particles from 0.26 g of cortex per ml, reduced with 3.3 uwmoles 
per ml of cysteine under anaerobic conditions, readings taken at 
15 minutes. 


FPO—HAVO 


510 ey my 

Fic. 3. Absorption spectra of upper fraction from sucrose 
density gradient centrifugation of microsomal fraction. The 
particles from each 0.6 g of cortex were extracted with 1 ml of 
buffered 2°% deoxycholate solution, pH 7.4. Symbols are as in 
Fig. 1. 


which reduced cytochrome b displays absorption bands. Fur- 
ther evidence for the presence of cytochrome b in the cortical 
mitochondria was obtained from a study of turbid suspensions of 
the mitochondria in the presence of succinate and antimycin A. 
It was necessary to use turbid suspensions for this purpose, since 
deoxycholate inhibited the reduction of the cytochromes by 


succinate. Succinate alone, under anaerobic conditions, caused 
the appearance of a broad absorption band with its maximum at 
about 556 my, as well as a peak at 605 mu. If succinate was 
added in the presence of antimycin A under aerobic conditions 
and readings taken promptly, only the peak of cytochrome 6 at 
563 my was visible (Fig. 24). When this preparation was 
allowed to stand, an intensification of this band occurred and ip 
addition a shoulder at 552 to 553 my appeared which may be 
interpreted as due to a reduction of cytochromes ¢ and c, (Fig, 
2B). Reduction of cytochromes c and c; with only slight re. 
duction of cytochrome 6 was seen after the addition of cysteine to 
turbid preparations under anaerobic conditions (Fig. 2C). The 
appearance of a band at 605 mu also occurred, indicating the 
reduction of cytochromes a + a3. 

The presence of cytochrome c in the cortex was established by 
the direct extraction procedure of Rosenthal and Drabkin (6). 
The values found on four determinations were: 3.5 X 10-3, 3.4 x 
10-%, 2.7 K 10°, and 2.2 umoles of cytochrome c per g of 
wet cortex. Since cytochrome c added to cortex was recovered 
in an 80% yield, the values given have been corrected accord- 
ingly. These values are on the average about three times those 
determined for the medulla and about one-seventh of those found 
for beef heart as obtained concurrently by the same procedure. 

Cytochromes of “‘Microsomal’’ Fraction—When the so-called 
microsomal fraction was treated with deoxycholate after exten- 
sive washing, the absorption spectra obtained were identical to 
those obtained with the mitochondria. In order to be certain 
that the presence of a microsomal cytochrome of the type present 
in the medulla was not being obscured by contamination from 
mitochondrial cytochromes, an attempt was made to further 
subdivide this fraction by sucrose density gradient centrifugation. 
For this purpose, 2 ml each of 1.05, 0.9, 0.75, and 0.6 m sucrose 
were layered successively into a Lusteroid centrifuge tube, and 
1.4 ml of the fraction suspended in 0.32 M sucrose was layered on 
top. The tube was centrifuged for 1 hour at 26,000 x g. With 
the middle of the 0.9 m layer as the dividing point, everything 
above was carefully removed by pipette and reexamined. The 
absorption spectra of this upper layer is shown in Fig. 3. The 
only cytochromes present are those found in the mitochondria. 
If the densities at 553, 563, and 605 my in the difference spectra 
were expressed per milligram of nitrogen in the upper layer, it was 
found that the concentration of these cytochromes was less than 
those in the mitochondrial fraction on this basis. It seems rea- 
sonable to conclude that the so-called microsomal fraction is in 
part comprised of mitochondria. No evidence was found for the 
presence of a cytochrome localized only in the microsomes. 

In order to exclude the possibility that the absorption maxima 
of the cortical preparations were in part caused by degradation 
products of hemoglobin, dithionite-reduced deoxycholate ex- 
tracts of both mitochondria and microsomes were treated with 
carbon monoxide, and their absorption spectra in the visible 


range recorded. No change was seen in the absorption spectra. 


after the introduction of carbon monoxide, not even in the 605- 
my band. Since the 605-my band is quite small in cortical prep- 
arations (Fig. 1), it would be difficult to measure a slight change 
in this peak. 

When either pyridine or nicotinamide was added to these ex- 
tracts in a final concentration of 0.07 M, an intensification of 
absorption was seen, with the absorption maximum shifting to 
558 my in the case of the pyridine-treated reduced preparation, 
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and to 557 my in the case of the nicotinamide-treated reduced 
paration. 

Cortical Enzymes—Table I presents the measurements made of 
certain cortical enzymes. These values are expressed as micro- 
equivalents of the substance undergoing change per hour; that 
is, micromoles of cytochrome c, micromoles of DPNH or 
TPNH X 2, and micromoles of oxygen X 4. 

Succinic dehydrogenase is the only enzyme which shows a 
clear localization, its activity in the mitochondrial fraction being 
about twice that of the fraction labeled as microsomal. The 
activity of DPNH-cytochrome c reductase is approximately 100 
times greater than that of TPNH-cytochrome c reductase, and 
the transhydrogenase reaction is more active in the direction, 
TPNH + DPN — DPNH + TPN. 

It was felt that the cytochromes and most of the enzymes 
observed in the fraction labeled as microsomal could represent 
mitochondrial contamination. To explore this possibility, an 
experiment was performed which modified slightly the usual 


TABLE I 


Activity of cortical enzymes 
Succinate dehydrogenase activities are expressed in micro- 
equivalents of oxygen consumed, cytochrome c reductase activi- 
ties in microequivalents of cytochrome c reduced, and transhy- 
drogenase activities in microequivalents of DPNH or TPNH. 
All values are corrected for the blank values obtained from con- 


trol assays. 


Experi- 
Enzyme _ Mitochondria Microsomes 
Succinate dehydrogenase 1 352 | 105 | 232 53 
2 700 | 141 | 390 98 
3 408 91 | 203 68 
Mean 487 | 112 | 275 73 
DPNH-cytochromec reductase | 1 462 | 1387 | 640 | 150 
2 631 | 127 | 492 | 123 
3 667 | 190 | 439 | 165 
4 785 | 176 | 431 | 145 
Mean 638 | 157 | 500 | 146 
TPNH-cytochrome c reductase} 1 8.0; 2.4, 8.1) 1.9 
2 7.44 9.7] 2.4 
3 4.9 1.1) 3.8) 1.3 
4 §.44 1.8 2.7) 1.1 
Mean 6.4, 1.6 6.1, 1.7 
Transhydrogenase TPNH + 1 92 27 90 21 
DPN—DPNH + TPN 2 102 20 69 17 
3 102 23 49 16 
4 106 30 52 20 
Mean 100 25 65 18 
Transhydrogenase DPNH + 1 41 8.2) 36 9.0 
TPN—TPNH + DPN 2 25 5.7, 20 6.8 
4 33 9.8) 28 11.0 
Mean 33 7.9) 28 8.9 
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TaBLeE II 
Comparison of activities of mitochondria 
microsomes, and fluffy layer 

Succinate dehydrogenase activities are expressed in micro- 
equivalents of oxygen consumed, cytochrome c reductase activities 
in microequivalents of cytochrome c reduced, and transhydro- 
genase activities in microequivalents of DPNH or TPNH. All 
values are corrected for the blank values obtained from control 
assays. 


Enzyme | Fluffy layer 
ueq/mg N/hr 

Succinate dehydrogenase.........| 141 103 70 
DPNH-cytochrome c reductase..... 127 117 160 
TPNH-cytochrome c reductase.... 1.5 2.4 2.6 
Transhydrogenase TPNH + DPN— 

DPNH + TPN. ; 20.5 18.5 10.7 
DPNH + TPN— 

TPNH + DPN. piensa 8.2 9.6 6.6 


centrifugation technique. At the end of the mitochondrial sedi- 
mentation, instead of decanting the fluffy layer into the mito- 
chondrial supernatant fluid and then centrifuging these particles 
with the microsomal fraction, we separated the bulk of the 


- supernatant fluid by pipette, after which the fluffy layer was 


decanted separately. In this manner, a mitochondrial fraction, 
a fluffy layer, and a microsomal fraction were studied independ- 
ently. Table II shows that in all respects the fluffy layer was 
more similar to the mitochondrial fraction than to the micro- 
somal. From Table II the greater activity of DPNH-cyto- 
chrome c reductase in the microsomal fraction is quite evident. 
The other enzymes studied appear to be mitochondrial in origin. 
Effect of Inhibitors—Succinic oxidase activity of the cortical 
mitochondria was completely inhibited by 2 ug per ml of anti- 
mycin A, 10 wg per ml of SN 5949, and 10-3? m KCN. On the 
other hand, neither the DPNH-cytochrome c reductase nor the 
TPNH-cytochrome c reductase of mitochondria or microsomes 
was affected by antimycin A at a concentration of 2 wg per ml. 


DISCUSSION 


The difficulty which has been encountered in the present study 
in obtaining a clean separation of mitochondria and microsomes, 
either by the usual centrifugation techniques or by sucrose 
density gradient centrifugation, can probably be explained by 
the morphology of the cortical mitochondria. Several studies 
have recently been made of the structure of the granules of the 
adrenal cortex. In all of these, the marked pleomorphism of 
the mitochondria has been mentioned. Schultz and Meyer (7) 
found giant granules with mitochondrial properties, and both 
Lever (8, 9) and DeRobertis and Sabatini (10) noted transition 
forms from small compact mitochondria to large forms contain- 
ing lipid material. DeRobertis and Sabatini (10) and Belt and 
Pease (11) also commented on the relative abundance of mito- 
chondria and scarcity of cytoplasmic material between these 
mitochondria. It seems likely that these various forms of mito- 
chondria would require quite different centrifugation conditions 
for their sedimentation and that both the smallest forms as well 
as the large lipid-filled forms might sediment with the micro- 
somal fraction. If, in addition, this tissue contains relatively 
little endoplasmic reticulum, the sedimentation of some mito- 
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chondria with the microsomal fraction could yield the picture 
found in the present study, that is, a microsomal fraction with 
predominantly mitochondrial properties. 

The cytochrome pattern of the cortex resembles that of heart 
muscle rather than that of the liver or adrenal medulla. It 
differs from heart muscle in that absorption in the region of 563 
my dominates the entire cortical spectrum. This is particularly 
noticeable in the near ultraviolet region, where no Soret band 
for cytochromes a + a3 was visible. The relative concentra- 
tions of cytochromes in several tissues has been given by Chance 
(12) and Chance and Williams (13). The micromolar ratios 
which were reported for heart muscle were 2.6, 1.0, 1.5, and 
2.5, respectively, for a,c, b, and a3. For rat liver mitochondria 
they were 1, 1.7, and 0.9, respectively, for a,c + c:, and b. In 
comparison with these values, the absorbancy ratios of cortical 
cytochromes, calculated from the difference spectra of Fig. 1, 
were for a + @3,c¢ + ¢;, and b, respectively, 1,1, and 4.5. How- 
ever, in the turbid preparations given in Fig. 2, the ratios were 
for a + a3,c + ¢;, and b, respectively, 1, 2, and 2. Whether 
the difference in density at 563 my in the two types of prepara- 
tion is due to an incomplete reduction of cytochrome 0} by suc- 
cinate or to the reduction by dithionite of an additional compo- 
nent absorbing around 560 my is not known. This difference 
in the amount of reduction obtained with succinate and dithio- 
nite has been mentioned by previous investigators (13, 14) and 
the possibility of an additional cytochrome component not re- 
ducible by succinate has been raised by them. 

It is reasonable to assume that cytochrome c; is present in 
the cortex, inasmuch as the spectrum obtained on reduction 
with cysteine has its maximum not at 550 my, but nearer to 553 
my, which is characteristic for tissues with a mixture of both 
e and c;. If the total absorption at 552 to 553 my on reduction 
with cysteine for both the mitochondrial and microsomal frac- 
tion is summated, it exceeds by 50% that to be expected on 
the basis of the cytochrome c content as determined by extrac- 


tion of the whole tissue, a content which is probably greater | 


than to be found in the particulate fractions due to the tendency 
of cytochrome c to diffuse into the supernatant fraction during 
the differential centrifugation procedure. Attempts were made 
to demonstrate cytochrome c; directly by selective removal of 
cytochrome c by dilute deoxycholate extraction, as has been 
done with heart muscle (15). However, when adrenal cortical 
particles were extracted with 0.05% deoxycholate in glycylgly- 
cine buffer, pH 7.4, cytochromes c, c;, and b were obtained in 
solution, and only cytochromes a and a3 were specifically left in 
the residue. 

The lack of a microsomal cytochrome similar to cytochrome 
m of liver (2) or to the 559 my cytochrome of the adrenal me- 
dulla is inferred from two facts; first, that the cysteine-reduced 
preparation, even in the upper layer of the fractionated micro- 
somes, shows no shoulder in the region of 557 my; and second, 
that DPNH in the presence of antimycin A reduces only cyto- 
chrome b, in contrast to the adrenal medulla in which the 559 
my cytochrome is also reduced. 

The presence in adrenal microsomes of a cytochrome identical 
with cytochrome m has been reported by both Ryan and Engel 
(4) and by Kersten, Kersten, and Staudinger (16). Krisch and 


Staudinger (17) have reported the isolation from adrenal micro- 
somes of a cytochrome with absorption maxima at 556, 528, 
and 523 my in the reduced form. All of these studies were 
done on microsomes from whole adrenal glands. From the 
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data presented in this paper and in a previous study on the 
adrenal medulla (3), it seems likely that any microsomal frac. 
tion obtained fromthe whole adrenal would contain the med- 
ullary 559 mu cytochrome, as well as cytochromes 8, c, c,, and 
a + as, from those cortical mitochondria that behave atypically 
in the sedimentation procedure. Since it has been pointed out 
in the present work that the dithionite-reduced deoxycholate 
extracts of cortical microsomes show primarily the spectrum 
of cytochrome }, displaced slightly to the shorter wave lengths 
because of the presence of cytochromes c and ¢, the spectrum 
seen by the above investigators may have represented a com- 
posite spectrum of the 559 my cytochrome plus cytochrome b, 
Whether the cytochrome isolated by Krisch and Staudinger 
represents the medullary 559 my cytochrome cannot be evalu. 
ated from the data given. 

On comparison of the adrenal cortex with the medulla, it 
may be noted that whereas the various enzymes measured have 
the same relative activity one to the other, the cortex is several- 
fold more active than is the medulla. Similarly, the cytochrome 
c content of the cortex is about 25 times that of the medulla, 
and the other mitochondrial cytochromes are also proportion- 
ately greater. 

On comparison of the activities of the various enzymes with 
some of those in the literature for liver, the succinic dehydro- 
genase activity of the cortex is approximately one-half that 
reported by Strittmatter and Ball for succinic oxidase activity 
of rat liver (2). The DPNH-cytochrome c reductase activity 
of the cortical mitochondria is about the same as that reported 
for liver by several investigators (2, 18, 19) but the percentage 
of the activity found in the microsomal fraction is by no means 
as great as that found in liver. In accord with the work of 
previous investigators on liver (2, 19, 20), the TPNH-cyto- 
chrome c reductase activity of cortex is much lower than the 
DPNH-cytochrome c reductase activity. 

A comparison of the values given here for the transhydrogen- 
ase activity of the adrenal cortex with those reported in the 
literature for other tissues is complicated by various factors. 
First, most values reported in the literature (20-24) were meas- 
ured at temperatures ranging from 18-25°, whereas ours were 
made at 37°. In one experiment on the effect of temperature 
on cortical transhydrogenase activity, we found the ratio of 
activity at 37° to that at 25° had the unusually high ratio of 4. 
Second, some workers (20, 24) have treated their mitochondria 
with digitonin, which may double the rates to be observed. 
An effect similar to digitonin seems to be achieved by our pro- 
cedure of preincubation of the mitochondria in a hypotonic 
medium. Third, the reaction has been measured with pyridine 
coenzyme analogues as electron acceptors which have been found 
in some cases to yield higher rates than with the coenzymes 
themselves (24). Finally, the units for enzyme activity employed 
by different workers vary greatly and comparisons can only be 
made after certain assumptions and calculations have been 
made. Nevertheless, with all these factors considered, it would 
appear to us that the adrenal cortex may have a higher trans- 
hydrogenase activity than any other tissue so far examined in 
mammals. The only other investigations on the transhydrogen- 
ase activity of the adrenals that are known to us appeared after 
our work was completed. Grant and Mongkolkol (23) could 
find no transhydrogenase activity in mitochondria from whole 
ox adrenal although they suggest that this may be due to the 
fact that they employed mitochondria which had been aged. 
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In the other investigation, Stein et al. (24) compared the trans- 
hydrogenase activity of eight tissues from the rabbit. They 
found the adrenal (presumably the whole gland) to be the most 
active, with heart muscle a close second, when the reaction be- 
tween DPNH and the acetylpyridine analogue of DPNH was 
measured. When TPNH was substituted for DPNH they 
found negligible activity in the adrenal, although heart showed 
about one-third the activity measured with DPNH. This find- 
ing raises some questions in relation to the data presented here, 
which show that the cortical transhydrogenase is more active 
in the direction TPNH + DPN — DPNH + TPN than in the 
reverse. 

In most tissues the transhydrogenase activity appears to 
parallel content of the mitochondrial cytochromes in the tissue. 
This is not so in the adrenal cortex where as pointed out above, 
the cytochrome content is low in relation to other tissues such 
as heart. Thus, the high transhydrogenase activity of the 
adrenal cortex takes on added significance. Moreover, in the 
light of recent investigations on the interplay of steroid hor- 
mones on transhydrogenase activity in the placenta (25) and 
upon DPN mediated enzymatic reactions (26), it certainly de- 
serves further investigation. 

It is interesting to note that in spite of the high transhydro- 
genase activity in the cortex, there exists the same imbalance 
as was noted in the adrenal medulla (3) between TPNH-gen- 
erating potential and the ability of the tissue to transfer elec- 
trons from TPNH to oxygen. In comparison with the TPNH- 
generating activity of approximately 2000 weq per hour per g 
of cortex reported by Kelly et al. (27) via the enzyme glucose 
6-phosphate dehydrogenase, the adrenal cortex seems capable 
of handling only about 200 weq of TPNH via both TPNH-cyto- 
chrome c reductase and transhydrogenase per hour. Such a 
relationship is in keeping with the need in the cortex for TPNH 
in various reductive synthetic reactions such as the formation 
of steroids and the fact that in the adrenal as well as most other 
tissues, TPN exists mainly in the reduced form (28). 


SUMMARY 


Spectroscopic observations on beef adrenal cortex indicate 
the presence of cytochrome c, c;, 6, and a + a3. The absorp- 
tion at 563 my, presumably caused by cytochrome b, dominates 
the picture. The presence of cytochrome c; has not been dem- 
onstrated directly, but is inferred from the location and height 
of an absorption band at 552 to 553 my and the content of cyto- 
chrome c as determined by extraction. The cytochrome c 
content of the cortex so determined is 3 times that of the me- 
dulla but only one-seventh that of heart muscle. A microsomal 
cytochrome of the type so abundantly present in the medulla 
could not be demonstrated in the cortex. However, proof of 
its complete absence is made difficult by the fact that it has 
not been possible to obtain by differential centrifugation tech- 
niques a microsomal fraction free of mitochondria. This is 
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apparently because of the marked pleomorphism of the mito- 
chondria of the cortex. 


The succinate dehydrogenase, reduced diphospho- and tri- 


phosphopyridine nucleotide, cytochrome c reductase, and trans- 
hydrogenase activity in various tissue fractions have been 
studied. The cortex is extremely rich in transhydrogenase ac- 
tivity in comparison to values reported in the literature for this 


enzyme in other mammalian tissues. 


This activity is discussed 


in relation to the high reduced triphosphopyridine nucleotide- 
generating capacity of the cortex and the synthesis of steroids 
by this tissue. 
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The Effect of Ultraviolet Light on Mitochondria 


IV. INACTIVATION AND PROTECTION OF THE ADENOSINE TRIPHOSPHATE-INORGANIC 
ORTHOPHOSPHATE EXCHANGE REACTION DURING FAR-ULTRAVIOLET IRRADIATION* 


Rospert E. BeEYERT 


From the Department of Physiology, Tufts University School of Medicine, Boston, Massachusetts 


(Received for publication, August 12, 1960) 


We have previously reported (3) that oxidative phosphoryla- 
tion with either succinate or glutamate as substrate is extremely 
sensitive to the inactivating properties of far-ultraviolet light.! 
Inasmuch as the mitochondrial adenosine 5’-triphosphate-inor- 
ganic orthophosphate exchange reaction is thought to represent 
a steady state equilibrium reaction between adenosine 5’-triphos- 
phate and inorganic orthophosphate by way of the transphos- 
phorylative pathway involved in electron transport phosphoryl- 
ation (5-7), we have studied the effect of far-ultraviolet light 
on this exchange reaction. 


EXPERIMENTAL PROCEDURE 


Twice-washed rat liver mitochondria were prepared essen- 
tially according to Schneider and Hogeboom (8) in 0.25 M sucrose. 
The “fluffy layer’ was discarded after the first high speed cen- 
trifugation. The final mitochondrial pellet was suspended in 
0.25 mM sucrose to contain mitochondria derived from 200 mg of 
fresh liver per ml (0.4 to 0.5 mg of protein-N per ml) and pipetted 
into either 20-ml quartz (irradiated) or Pyrex (control) test tubes 
for irradiation. A rotary irradiation apparatus (9) containing 
four General Electric 15-watt, 18-inch germicidal lamps? was 
used. After irradiation, mitochondria were either used di- 
rectly or were reisolated by centrifugation and resuspended in 
0.25 m sucrose before incubation. All manipulations before 
incubation were performed at 0-2°. Compounds to be tested 
for their protective action during irradiation were adjusted to 
pH 7.0 and included in the sucrose solutions in the irradiation 
tubes. The ATP-P; exchange reaction was measured according 
to Léw et al. (5). Incubation was performed in open 25-ml] 
Erlenmeyer flasks at 22° for 20 minutes, with air as the gas phase. 
Each flask contained in addition to various compounds listed in 
the tables: mitochondria (derived from a given weight), 200 mg 
of fresh tissue; ATP, 30 uwmoles; Pi, 20 uwmoles (containing 5 


* This work was done under the terms of Contract AT (30-1)911 
of Department of Physiology, Tufts University School of Medi- 
cine, with the United States Atomic Energy Commission. Part 
III has appeared (1) and a portion of the present paper was re- 
ported upon before the American Society of Biological Chemists, 
Atlantic City, April 1959 (2). 

t United States Public Health Service Senior Research Fellow 
(SF247). 

1 Although ‘‘far-ultraviolet’’ usually refers to those wave 
lengths between 3000 and 2000 A (4), emission in the region around 
2600 A will be referred to by this term in this paper. 

2 Approximately 90% of the emission energy of these lamps is at 
2537 A. Each lamp emitted approximately 62 ergs per cm? per 
second, when measured at 2.4 m from the source. 


uc of P®); Tris-HCl, 100 uwmoles; sucrose, 250 umoles; Mg*+, 
4 umoles; reaction volume, 2.0 ml. The reaction was terminated 
by the addition of 0.2 ml of 10 N H2SQOx,, and the reaction flasks 
were placed immediately in ice. The distribution of P® between 
P; and ATP was measured by the isotopic distribution method 
of Lindberg and Ernster (10). Over 90% of the adenine nucleo- 
tide was recoverable as ATP after the reaction as determined 
by paper chromatography with solvent system I of (11). 


RESULTS 


The rate of inactivation of the ATP-P; exchange reaction is 
tabulated in Table I. It may be seen that the exchange reac- 
tion is extremely sensitive to the effects of ultraviolet light. The 
results of two experiments are given to illustrate the consistency 
which may be obtained when the preparation is either used di- 
rectly after irradiation or after reisolation and resuspension in 
0.25 M sucrose. 

A number of components were tested for their ability to pro- 
tect the exchange reaction from inactivation by ultraviolet light. 
Because we had previously shown ATP to be a specific protector 
of the oxidative phosphorylation system (3), various nucleotides 
were tested (Table II). It is seen that all of the nucleotides 
tested afford some degree of protection from ultraviolet light. 
ITP and CTP do not appear to be as effective in protecting as 
do the other compounds tested in Table II. It should be noted 
that similar values have been obtained when longer periods of 
irradiation have been employed, indicating that the nucleotide 
protection is not limited to the first 5 minutes of irradiation. 

Fig. 1 illustrates the protective effect of various concentra- 
tions of ATP. Protection is fairly linear with concentration 
until high concentrations of the nucleotide are reached, although 
Pyrex (nonirradiation) control levels are rarely attained even 
at very high ATP concentrations. The curve for ADP, which 
is not given here, is similar to the ATP curve in Fig. 1. 

It has been reported previously (3) that bovine crystalline 
serum albumin affords some protection to oxidative phosphoryl- 
ation during ultraviolet irradiation and that the albumin effect 
is not additive to the ATP effect. We have repeated this type 
of experiment with mitochondria, using the ATP-P; exchange 
reaction. Table III contains the results of a typical experiment 
in which the usual ATP protection effect is seen. In addition, 
albumin, used at a concentration which affords protection to 
oxidative phosphorylation (3), also protects the exchange reac- 
tion sequence, but not the the degree shown by 2600 A-absorbing 
nucleotides, as seen in Table II. ATP and albumin in combina- 
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tion are usually, but not consistently, more effective in protec- 
tion, although the combined effects are not completely additive. 

Table IV contains results of an experiment in which a number 
of compounds were tested for effectiveness in reconstituting the 
irradiated system. As is seen from the table, none of the com- 
pounds tested were capable of reconstituting activity. We have 
also attempted, without success, to photoreactivate the irradia- 
ted system by exposure to white light for varying periods of time. 
In addition, the possibility that irradiation shifts the initial 
carrier in energy conservation to the completely oxidized state 
was considered, and ascorbate and dithionite, at concentrations 
from 1 to 5 mM, have been added in an attempt to demonstrate 
reconstitution of activity in the reduced state. The results of 
such experiments were also negative. 


TABLE [ 
Inactivation of ATP-P; exchange reaction by ultraviolet light 


The first set of figures refers to mitochondria used directly 
fromirradiationtubes. The second set of figures refers to a prep- 
aration reisolated and resuspended in 0.25 M sucrose. 


Exchange 


pmoles P;/20 min 
0 | 5.0 


| 


Irradiation time 


TaBLeE II 
Protection against irradiation by nucleotides 
Final concentration of nucleotides in irradiation tubes was 
15 X 10-3 m. Irradiation time was 5 minutes. Mitochondria 
were reisolated after irradiation and resuspended in 0.25 m su- 
crose. 


Conditions | Exchange 
| pmoles P;/20 min 

Irradiated + AMP................... | 4.1 
Irradiated + ADP................... 4.2 
Irradiated + ATP................... 4.3 


Irradiated + adenosine............. 
Irradiated + AMP................... 
bradiated + ATP................... 


We 


Imadiated + ATP................... 4.1 
Imadiated + UTP.................. 4.3 
Iradiated + GTP.................. 3.9 
Irradiated + CTP................... 2.7 
+ 3.0 
Irradiated + 3.7 
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UMOLES P, EXCHANGED/20MIN. 


5 10 15 20 
ATP CONCENTRATION M 

Fig. 1. Effect of ATP concentration on protection from ultra- 
violet light. Mitochondria were reisolated after 5 minutes of 
irradiation and resuspended in 0.25 m sucrose. O and @, values 
from two experiments. 


TaBLeE III 
Protective effect of ATP and albumin during irradiation 


Albumin concentration was 10 mg per ml. Mitochondria were 
reisolated and resuspended in 0.25 m sucrose. Irradiation time 
was 5 minutes. 


Condition Inclusion during irradiation Exchange 
pumoles P;/20 min 
Control None 5.9 
Irradiated None 1.1 
Irradiated ATP 4.4 
Irradiated Albumin 2.6 
Irradiated ATP + albumin 5.4 
IV 


Attempts to reconstitute exchange activity after ultraviolet treatment 

Irradiation time was 5 minutes. FAD, 10-* m; flavin mono- 
nucleotide, m; cytochrome c, 3 X 10°-4m; DPN, 10-3 m; vita- 
min Ky, 10-4 M; a-tocopherol, m; CoQio,* 10° m. The prep- 
aration was not reisolated after irradiation. 


Condition Additions Exchange 
pmoles P;/20 min 
Control None 6.1 
Irradiated None 1.2 
Irradiated FAD 1.0 
Irradiated Flavin mononucleotide 0.9 
Irradiated Cytochrome c 1.0 
Irradiated DPN 0.9 
Irradiated Vitamin K, 1.2 
Irradiated a-Tocopherol 0.9 
Irradiated CoQio 0.9 
Irradiated All of above 0.8 


* Obtained through the courtesy of Dr. Karl Folkers, Merck 
Sharpe and Dohme, Rahway, New Jersey. 


DISCUSSION 


An important question, which as yet remains unanswered, 
regarding the molecular properties of the components of the 
oxidative phosphorylation system, is the nature of the site, which 
appears to be highly sensitive to ultraviolet light. We have 
previously reported (12) that the 2,4-dinitrophenol-activated 
ATPase of intact mitochondria displays a high degree of sensi- 
tivity to ultraviolet light, whereas the Mg*t-activated ATPase 
of such preparations is rather resistant to the inactivating prop- 
erties of irradiation. It would thus appear that the former 
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represents the disruption of a sensitive component, the latter 
possibly such a relatively ultraviolet-insensitive process as pro- 
tein denaturation. The system which synthesizes ATP accom- 
panying mitochondrial electron transport is also highly sensitive 
to ultraviolet light (3). The extreme sensitivity of the ATP-P; 
exchange reaction, together with the high sensitivities of the 
2 ,4-dinitrophenol-activated ATPases and electron transport 
phosphorylation, strongly implicate one or more highly ultra- 
violet-sensitive compounds in these pathways. It is of interest 
that three of the compounds which have been postulated as in- 
volved in the initial reaction of oxidative phosphorylation are 
easily altered by ultraviolet irradiation. The lability to light 
of FAD and vitamin K, are well known, and we have recently 
established the sensitivity of CoQ,o (unpublished data). How- 
ever, these compounds do not reconstitute the ATP-P; exchange 
reaction when added after irradiation. 

Some evidence exists that the ATP-P; exchange reaction 
utilizes the same enzymic pathway concerned with the synthesis 
of ATP from ADP and P; coupled to the portion of the electron 
transport chain between DPN and cytochrome b, representing 
the first energy conservation site in the over-all reaction sequence, 
DPNH — OQ, (5-7). Additional evidence may be seen upon 
comparing the rate of inactivation of the ATP-P; exchange 
reaction of Table I of this paper and the rates of inactivation 
of various reactions in Table I of (3). The rate of inactivation 
of the ATP-P; exchange reaction and the rate of loss of phosphate 
esterification coupled to glutamate oxidation are quite similar. 
The values, expressed in percentage of activity remaining after 
5, 10, and 15 minutes of irradiation with four lamps in the same 
irradiator are: for the exchange; 38, 4, and 1.6%; and for the 
glutamate-dependent phosphate esterification, 33, 6, and 0.9%. 
It would appear that such a close fit of values might be more 
than a coincidence, and might indicate a common pathway or 
component. 

In order to explain the specificity of the protection by ATP 
of the oxidative phosphorylation system against ultraviolet light, 
we have previously (3) postulated that ATP is necessary to 
maintain the coupling between the transphosphorylation and 
electron transport enzymes during irradiation. Such does not 
appear to be the case for the exchange reaction inasmuch as a 
variety of nucleotides are protective. That such protective ac- 
tion is nonspecific would appear to be the case in view of the 
wide range of nucleotides able to perform such a function (Ta- 
ble III). It is of interest, in this connection, that CTP and 
ITP, the maximal absorbancies of which are not at 260 my at 
pH 7.0, do not provide as adequate protection as do nucleotides 
absorbing maximally at 260 my at equimolar concentrations. 

The interesting effect of bovine crystalline serum albumin, 
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which also affords protection to oxidative phosphorylation dyr. 
ing irradiation (3), may be due to the binding of endogenos 
inhibitors (13-15), which have been shown to be present in mito. 
chondria and the action of which is prevented by albumin (14 
15). We have not investigated this phase of the problem further. 

The inability of the various compounds in Table IV to recon. 
stitute the ATP-P; exchange reaction after inactivation by ultra. 
violet light does not preclude the possible function of one or 
more of these compounds in the reaction. It is possible, for 
example, that the molecule is altered by ultraviolet light but 
remains at the active site, and thus prevents interaction between 
an exogenous compound and the active site. 


SUMMARY 


The effect of ultraviolet light (2600 A) on the mitochondria] 
adenosine 5’-triphosphate-inorganic orthophosphate exchange 
reaction has been studied, and this reaction has been found to 
be highly sensitive to such treatment. The exchange reaction 
is protected by the presence of nucleotides absorbing at 2600 A 
during irradiation, as well as by albumin. A variety of com. 
pounds tested were unable to affect reactivation after inactiva- 
tion by ultraviolet light. Further evidence is provided for the 
theory that the exchange reaction sequence is identical with 
that concerned with the first phosphorylation in the electron 
transport chain and with dinitrophenol-activated adenosinetri- 
phosphatase. 
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In previous papers, we have approached the subject of meta- 
bolic control in ascites tumor cells through a study of (a) the 
electron transport system of both the intact cell and the isolated 
mitochondria (1), (0) the response of the isolated mitochondria 
to adenosine 5’-diphosphate (2), (c) polarographic measurements 
of the activated and inhibited phases of oxygen metabolism (3), 
(d) the spectroscopic response of the mitochondria of the intact 
cell to glucose addition (4), and (e) a mathematical study of a 
theory of metabolic control (5). Here, we present results of 
chemical analyses of intermediates in glucose metabolism, of 
glucose itself, of phosphorylated intermediates, and of adenosine 
5/-diphosphate, adenosine 5’-triphosphate, phosphate, and other 
participants in glucose metabolism. The experiments were 
carried out to define more clearly the pathways of glucose metab- 
olism activated during the rapid phase of oxygen metabolism 
and of those blocked in the intensely inhibited phase (6). The 
results enable us to propose generalized mechanisms for meta- 
bolic control, discussed briefly here and in detail elsewhere (7, 8). 
They are compared with those of Racker and Wu (9, 10), Ibsen 
et al. (11), and Kunz and Schmid (12), by whom the activated 
phase of metabolism is briefly mentioned and the later, less 
intense phase of the inhibited metabolism (Crabtree effect (13)) 
is emphasized, and also with those of Lonberg-Holm (14). 


EXPERIMENTAL PROCEDURE 


Ascites tumor cells were grown and prepared as described 
previously (1). Since repetitive washings lead to a loss of intra- 
cellular compounds, especially the water-soluble cytoplasmic 
enzymes (as observed in ascites tumor cells for aldolase (15) and 
in muscle for aldolase, glycerol 1-phosphate dehydrogenase, and 
lactic dehydrogenase (16-18)), the washings of the ascites cells 
were reduced to one and those cell suspensions heavily con- 
taminated with red cells were not used. 

Glucose was determined in a tungstic acid extract of the cell 
suspension by a modification of the Hagedorn-Jensen method 
described by Garbade (19). Pyruvate (20) and lactate (21) 
were determined through the lactate-dehydrogenase-DPNH 
system. Dihydroxyacetone-P was determined by the reaction 
of DPNH and crystalline glycerol-1-P dehydrogenase and glyc- 
erol-1-P by the reverse reaction. Fructose 1,6-diphosphate was 
found by means of aldolase-trioseisomerase and glycerol-1-P- 
dehydrogenase-DPNH. The assay of aldolase metabolites 
must be carried out after quick deproteinization (22) because of 
the AF’ value for this reaction (5.51 Keal at pH 7.0 (23)). Glu- 


* This research has been supported in part by grants from the 


oo Forschungsgemeinschaft and the American Cancer 
iety. 


cose-6-P was determined by the method of Kornberg (24) and 
P; by a modification (19) of the method of Fiske and SubbaRow 
(25). ADP was estimated with crystalline pyruvate-kinase and 
phosphenolpyruvate prepared from the silver-barium salt,! with 
lactate-dehydrogenase-DPNH as an indicator (18). AMP was 
found with myokinase? by coupling with the pyruvate-kinase 
and lactate-dehydrogenase reaction, and ATP according to the 
method of Biicher*? and Schuart (26), with 3-P-glycerate and 
crystalline phosphoglycerate kinase with glyceraldehyde-dehy- 
drogenase-DPNH as an indicator. DPN (preparation No. 
15124)? and DPNH (preparation No. 15142)? were determined 
by the method of Helmreich et al. (27). Unless otherwise noted, 
compounds were purchased in analytical grade. 

Oxygen concentrations were followed by the platinum micro- 
electrode as described elsewhere (28). Mitochondria from 
ascites tumor cells were prepared by mild homogenization in an 
Atommixmill homogenizer for 45 seconds. The homogenate 
was further treated as described elsewhere (2). The final mito- 
chondrial sediment was deproteinized with perchloric acid (6% 
per volume). The precipitate was analyzed with biuret re- 
agent for protein, the supernatant for ATP. The cell counts 
were converted to wet weight by the factor, 10° cells = 1 mg 
wet weight. All experiments were carried out at 20°. 

Incubation Techniques—An ascites tumor cell suspension, 20 
ml, was placed in a 100-ml Erlenmeyer flask and shaken for 3 
minutes to give a steady state. Samples were withdrawn for 
deproteinization and analysis at zero time and after addition of 
glucose or an uncoupling agent. 

Alternately, 7 to 10 flasks, each containing 2 ml of tumor cell 
suspension, were shaken for various times. At given time inter- 
vals the total suspension of one flask was quickly poured into the 
deproteinizer and analyzed, thus yielding a time series. For 
deproteinization, either trichloracetic or perchloric acid was 


used at 0°. With the latter reagent, the perchlorate ions were 
finally precipitated in the cold at pH 7.0. 
RESULTS 
Kinetic Studies 


Glucose—The kinetics of oxygen utilization in the ascites tumor 


‘cell suspension involve activation of endogenous metabolism 


followed by an inhibition about a minute later (6). Periodic 

1 Kindly donated by Dr. G. Lamprecht. 

2 Kindly donated by C. F. Boehringer & Séhne, Mannheim, 
Germany. 

* T. Biicher, unpublished data; we also wish to thank Professor 
Biicher for some of the crystalline enzymes used in our experi- 
ments. 
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Fic. 1. Analysis of glucose and pyruvate during the activated 
and inhibited phases of glucose utilization. The graph begins at 
the moment of addition of glucose, 10 mm, and the changes of 
concentration are given as a function of time. In this experiment 
glucose alone is added first; 60 seconds later, Dicumarol (DiC), 
0.3 mM, is added to half of the sample, 134 mg of cells per ml, 
suspended in isotonic phosphate-Ringer medium (see (1)), final 
volume, 1.2 ml, pH 7.2, 20° (Experiment 276/7). 
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Fic. 2. Analysis of lactate and pyruvate during the activated 
and inhibited phases of glucose utilization. The graph begins 
with addition of glucose, 5 mM; part of the sample is treated 60 
seconds later with Dicumarol (DiC) 0.05 mm; 90 mg of cells per 
ml. Other conditions are as in Fig. 1; final volume, 1.0 ml (Ex- 
periment 112/6). 


assays of glucose concentration changes under the same condi- 
tions are plotted in Fig. 1. During the first minute, the rate of 
glucose uptake is rapid (~1030 umoles per hour per g wet weight 
of cells at 20°). Thereafter, glucose uptake is strongly inhibited, 
falling as low as <100 wmoles per hour where it remains for 
the 3 minutes of experimental observation. Similar experi- 
ments under varied conditions have shown that glucose uptake 
during the interval of activated respiration is dependent upon 
the cell concentration and is related to the intracellular ATP 
store (29).4 However, the interval required to reach the in- 


4B Hess, E. Renner, and B. Chance, in preparation. 


Metabolic Control Mechanisms. VI 


Vol. 236, No. | 


hibited phase of respiration and of glucose uptake depends op 
the turnover time for the ATP store, not on the cell concent. 
tion. Therefore, this interval varies with temperature and ¢ejj 
conditions.‘ 

As Fig. 1 illustrates, addition of Dicumarol (3 x 10-4 M) 
abruptly reinitiates rapid glucose utilization (~800 umoles per 
hour per g wet weight of cells (6)), eliminating the possibility 
that inhibition of glucose utilization is caused by inhibition of 
the enzymes involved in glucose uptake or by an alteration of 
their properties (30). Instead, resumption of glucose utiliza. 
tion upon addition of Dicumarol (3) or one of the other substances 
found to have a similar effect (see below) suggests that inhibition 
is due to lack of a control substance (ADP). ATP has been made 
available for increased glucose utilization, either directly from g 
previously inaccessible store, or indirectly by an activation of 
ATP synthesis through the Embden-Meyerhof phosphorylation 
process (6-8). Other substances found to be effective jp 
relieving the inhibited phase of glucose metabolism are: 2,4 
dinitrophenol (31); hydroquinone (3); methylene blue (9); and 
triiodothyronine (3). These agents reactivating glucose utiliza- 
tion (an illustration of the ‘‘aerobic Pasteur reaction’’) are also 
uncouplers of oxidative phosphorylation. 

Pyruvate and Lactate—Under conditions of endogenous metabo- 
lism, the steady-state concentration of pyruvate is not measurably 
increased after glucose addition (cf. Fig. 1 of (6)), nor does pyru- 
vate accumulate in the inhibited state. Lactate, which has a 
varying high initial concentration in the presence of endogenous 
substrate (8 to 30 uwmoles per g wet weight of cells) is no more 
affected than pyruvate (Fig. 2). However, in some experiments 
with lower initial levels of lactate, this substance accumulates 
in 2 minutes to between 12 and 18 uwmoles per g wet weight of 
cells at a rate of about 400 wmoles per hour per g wet weight of 
cells. This increase in concentration accounts for only about 5% 
of the glucose added. However, glucose metabolism does 
not usually proceed to this stage to a significant extent during 
either activated or early inhibited respiration; therefore the con- 
trolling reaction in glucose utilization is between glucose and the 
pyruvate-lactate step. 


1 and 2) formation, and increased glucose utilization. The caleu- 
lated rate of lactate formation is 500 wmoles per hour per g wet 


weight of cells, with a corresponding decrease in the lactate- | 
pyruvate ratio from 22.0 to 11.0. This suggests that the conver- | 


sion from pyruvate to lactate is limited by the DPNH concentra- 
tion. 

Flux through the glycolytic system and the attendant effects 
may be dependent upon the concentration of the uncoupling 
agent. In the experiment of Fig. 1, 0.8 mm Dicumarol was 
added, and pyruvate rose from ~0.25 to ~8.25 umoles. In the 


experiment of Fig. 2, 0.05 mm Dicumarol was added, and the } 


pyruvate concentration rose from ~0.8 to ~3.0 ymoles (the 
increase of pyruvate concentration began tapering off after 30 
seconds of experimental observation). 
production calculated in Fig. 2 should therefore be correspond- 
ingly lower than in the experiment of Fig. 1 after the addition of 
Dicumarol. The ratio between the two rates is ~12.0, whereas 
the ratio between the concentrations of Dicumarol in the two 
experiments is 6.0. Furthermore, the uncoupling action of 
Dicumarol, measured by the rate of O2 uptake, has proved to be 
dependent upon the concentration of Dicumarol (3). The effect 
of the uncoupling agent on the glycolytic flux also indicates that 


Addition of an uncoupling agent is fol- | 
lowed by abrupt activation of lactate (Fig. 2) and pyruvate (Figs. } 
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lack of phosphate or phosphate acceptor may inhibit its rate 
during the activated and inhibited phases of glucose metabolism. 
Addition of the uncoupling agent makes these substances avail- 
able to the phosphorylation steps of the Embden-Meyerhof 
sequence. Cytoplasmic DPN could also be limiting but spec- 
troscopic observations of intracellular DPN show it to be reduced 
only partially in the inhibited state; thus, DPN is not likely to 
be rate limiting unless compartmentation is involved. Also, 
the ratio for free DPN+/DPNH (calculated from the pyruvate- 
lactate ratio with the equilibrium constant of the lactic dehy- 
drogenase reaction (32)) is 840, which also suggests a sufficient 
supply of DPH in the cytoplasm (see also 31, 33). However, 
such calculations apparently refer to only a small portion of the 
cytoplasmic DPN. 

Fructose Diphosphate, Dihydroxyacetone Phosphate, and Glucose 
6-P—Since glucose metabolism in the initial stage apparently 
does not proceed to formation of an appreciable amount of 
pyruvate, reactions involved in these metabolic controls may 
take place between glucose and glyceraldehyde-3-P, a possibility 
supported by the fact that treatment with iodoacetate does not 
affect the general features of the activation and inhibition of 
respiratory metabolism (3). Chemical measurements of the 
changes in concentration of these intermediates in iodoacetate- 
inhibited cells (1.7 mm) are illustrated in Fig. 3. The concen- 
tration of fructose diphosphate rises quickly upon addition of a 
small amount of glucose (0.14 mm) from ~0.5 to ~2 umoles 
per g wet weight of cells, reaching a maximum coincident with 
the onset of respiratory inhibition. Within about 2 minutes, 
the concentration of fructose diphosphate falls to the level be- 
fore glucose addition, and dihydroxyacetone-P formation (31) 
reaches a steady state. Here, in the presence of iodoacetate, 
concentrations of fructose diphosphate and dihydroxyacetone-P 
approach the thermodynamic equilibrium of the aldolase-triose- 
isomerase reaction and in 4 minutes differ by about 40% from 
the theoretical value calculated for pH 7.0 and 20°, according to 
Netter (34). However, the concentration of fructose diphos- 
phate is not yet steady and should theoretically reach a level of 
0.12mm. In this experiment, the added glucose is almost com- 
pletely converted to fructose diphosphate and dihydroxyacetone- 
P, as can be calculated roughly from the amount of added glucose 
and the amount of these substances appearing 1.5 minutes after 
the beginning of the experiment. In Fig. 4, the kinetics of fruc- 


= 
> 
= DHAP 
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Fig. 3. Analysis of fructose diphosphate and dihydroxyace- 
tone-P after addition of glucose, 0.14 mm, to ascites tumor cells 
pretreated with iodoacetate, 1.7 mm; 46 mg of cells per ml. Other 
conditions are as in Fig. 1; final volume 2.1 ml (Experiment 20/4). 
The abbreviations used are: DHAP, dihydroxyacetone-P; FDP, 
fructose diphosphate. 
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Fic. 4. Analysis of fructose diphosphate after glucose additions 
of 0.6 mm, ——, and 0.25 mM, - - -, to ascites tumor cells; 167 mg 
of cells per ml. Other conditions are as in Fig. 1; final volume 1.0 
ml (Experiment 91/4). 
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Fig. 5. Analysis of fructose diphosphate and glucose-6-P after 
addition of glucose, 7.5 mM, to ascites tumor cells; 215 mg of cells 
per ml. Other conditions are as in Fig. 1, final volume 2.0 ml 
(Experiment 130/11). The abbreviations used are: FDP, fruc- 
tose diphosphate; G6P, glucose-6-P. 


tose diphosphate after glucose addition (0.25 and 0.5 mm) in the 
absence of iodoacetate show a course identical to that of Fig. 3. 
Here the amount of fructose diphosphate formed accounts for 
about 36% of the glucose added. Note also the difference in 
the maximal response and in the half-life of the fructose diphos- 
phate cycle in this figure compared with Fig. 3 in the presence 
of iodoacetate and a smaller concentration of glucose (see ‘“‘Dis- 
cussion’’). 

With higher glucose concentration in the presence and absence 
of iodoacetate, fructose diphosphate accumulation is more pro- 
nounced and prevails for 5 or more minutes. With 7.5 mm 
glucose added (see Fig. 5), a maximal concentration of 2.6 mm 
fructose diphosphate per g wet weight was reached after 90 
seconds, accounting for a conversion of 3.7% of the glucose 
added in the absence of iodoacetate. Rapid accumulation of 
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Fic. 6. Analysis of ADP and ATP after addition of glucose, 
0.075 mm. The assays were made simultaneously with those of 


Fig. 3, with the same sample (Experiment 20/4). 
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Fic. 7. Analysis of ADP and ATP after addition of glucose, 
0.25 mm, to ascites tumor cells; 117 mg of cells per ml. Other 
conditions are as in Fig. 1; final volume 1.0 ml (Experiment 80/2). 


fructose diphosphate in response to the addition of glucose agrees 
with other workers’ results (10-12, 14) and is to be expected with 
rapid utilization of excess glucose during the activated phase of 
respiration. 

Fig. 5 illustrates the kinetics of glucose-6-P. It is obvious 
that the concentration does not reach a steady level before 
fructose diphosphate has reached its maximal concentration. 
We conclude that glucose-6-P is metabolized appreciably faster 
than fructose diphosphate, an observation somewhat in con- 
trast with that of Lonberg-Holm (14) and which is discussed 
below. 

Although prolonged accumulation of fructose diphosphate is 
readily observed at high initial glucose concentrations, the 
stoichiometry of glucose, phosphate, and oxygen utilization at 
lower glucose concentrations in the presence and absence of 
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iodoacetate suggests that phosphorylation by hexokinase and 
not by phosphofructokinase® is dominant chiefly in the initig] 
phases (29), and that part of the fructose-6-P is used in the 
transaldolase-transketolase pathway. 

The disappearance of dihydroxyacetone-P in Fig. 3 may be 
due to its conversion to glycerol-1-P and then to glycerol, in 
accordance with the rise of phosphate concentration in the 
inhibited phase (see Fig. 4 (cf. 29, 31)). This conclusion js 
further supported by independent studies showing that utiliza- 
tion of glycerol-1-P by homogenates of the ascites tumor cell js 
high; at a substrate concentration of 2.5 mM, 4.5 umoles of 
glycerol-1-P per hour per mg dry weight are cleaved to phosphate 
at 22°. 

Inorganic Phosphate—Experimental data for phosphate utiliza- 
tion in the absence of iodoacetate at two glucose concentrations 
(0.25, 0.5 umole) (29, 31) show a rapid drop in phosphate con- 
centration during the activated phase of glucose metabolism and 
a distinctive rise during the inhibited phase. Although the 
latter phenomenon is less marked than in other analyses (cf. 
Ibsen et al. (11), Wu and Racker (10), and Kunz and Schmid 
(12), glucose metabolism remains at a low level in spite of rising 
phosphate concentration, apparently eliminating phosphate as 
the control factor in the inhibited phase of glucose metabolism 
considered here. Increased phosphate concentration may be 
caused either by the formation of glycerol-1-P and its subsequent 
dephosphosphorylation to glycerol, as described above, or the 


formation of glycogen. 


Phosphate and oxygen utilization after glucose addition have 
a similar time course in the activated phase of respiration, but 
differ in the inhibited phase in which phosphate is increasing and 
oxygen is still slowly decreasing. A study of the kinetics of ADP 
clarifies the apparent inconsistency in the kinetics of glucose and 
oxygen utilization. 

ADP and ATP—Whereas the kinetics of the constituents 
described above have followed the general pattern of an abrupt 
change to a new level during the activated phase of respiration 
followed by a relatively slow change in either direction, the 
dependence of the kinetics of ADP and ATP upon the initial 
glucose concentration differs, each showing a cyclic response that 
suggests its role as a critical intermediate in glucose metabolism 
(18). The assays of ADP and ATP illustrated in Fig. 6 were 
made simultaneously with those of fructose diphosphate and 
dihydroxyacetone-P (Fig. 3) in the presence of iodoacetate. 
The concentration of ATP drops to a minimal value because 
of its utilization in glucose phosphorylation and then rises to 
almost the same level obtained before glucose addition because 
of oxidative phosphorylation in the mitochondria. Comple- 
mentary kinetics for ADP show an abrupt rise to a maximal level 
caused by its formation in glucose phosphorylation, and a subse- 
quent diminution caused by oxidative phosphorylation. Fig. 7 
illustrates the kinetics of ATP and ADP after addition of 0.25 
mM glucose in the absence of iodoacetate, again yielding a similar 
cyclic response. However, in this experiment, the time of maxi- 
mal response is 5 seconds as compared with 60 seconds in Fig. 5, 
in accordance with prolongation of the time for the maximal 
response of fructose diphosphate in the presence of iodoacetate 
discussed below. In some assays, ATP concentration was not 
restored to the same level as before glucose addition. Perhaps 
losses in the assay of intramitochondrial ATP are variable and 


5 E. Racker, personal communication. 
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are greater than for cytoplasmic ATP, a point requiring further 
investigation. 

There are other interesting discrepancies between the chemical 
analyses of ADP and ATP. In neither experiment does the 
maximal increment of the ADP concentration correspond to a 
stoichiometric decrease of the ATP concentration. Yet a 1:1 
stoichiometry should be expected from the stoichiometry of the 
glucose-A TP :ADP-oxygen interaction, each molecule of ATP 
used corresponding to the appearance of one molecule of ADP, 
suggesting the following. 

(a) Some ADP may be bound in the mitochondria and not 
traceable with the enzymatic method used for analysis. 

(b) An inadequate amount of AMP is formed in the myo- 
kinase reaction during the cellular response to glucose, suggested 
by AMP analysis reported by Ibsen et al. (11). However, in our 
experiments it is found only in cells showing a slight respiratory 
inhibition upon addition of glucose. 

These observations are made on the basis of these responses: 

(a2) Inasmuch as ADP falls to a level below that before 
glucose addition during the inhibited phase, it acts as the rate- 
limiting intermediate in this metabolic control sequence. 

(b) Inasmuch as ADP rises to a maximal level after glu- 
cose addition, ADP production by hexokinase can exceed 
utilization by the respiratory chain and for these transient condi- 
tions the hexokinase activity of the ascites cell is not a rate- 
limiting step in the respiratory activity. 

(c) The fact that ADP accumulates in a significant amount 
over that necessary for maximal respiration (28) suggests that a 
slight time difference between the exhaustion of the cytoplasmic 
ATP and the mitochondrial activity should be observed. The 
low ADP level is to be expected, since spectroscopic observa- 
tions of the response of the respiratory pigments (4) to glucose 
addition in intact ascites cells identify ADP as the controlling 
factor of respiratory turnover. 

Comparison of the results of chemical analysis of ADP with 
the polarographic recordings of oxygen utilization reveals some 
interesting features. The latter show that oxygen consump- 
tion accelerates rapidly and simultaneously upon glucose 
addition as does the spectroscopic response of the cytochromes. 
The very rapid increase of the ADP level is in accordance with 
this respiratory response. However, respiratory activity cannot 
consume the increased amount of ADP produced by hexokinase 
activity fast enough to prevent ADP from piling up for a short 
interval. This type of phenomenon, not observed in other 
metabolic transitions such as the Pasteur effect in yeast (anaero- 
bic-aerobic) (35), indicates there is no active cytoplasmic ATP 
donor in the ascites cell, such as the creatine-creatine phosphate 
system, which could convert newly produced ADP into ATP 
near hexokinase, thus keeping the concentration of ADP at a 
steady low level. 

Because the rate of glucose phosphorylation is faster than that 
of oxidative resynthesis of ATP, oxygen utilization will continue 
somewhat longer than glucose utilization when the inhibited 
phase of metabolism is approached in accordance with the ATP 
turnover time. 

ATP:ADP Ratios—The interaction of glycolytic and respira- 
tory activity is interesting with respect to the observed ATP: 
ADP ratios. Whereas in the glycolyzing system of intact cells, 
ATP: ADP ratios of ~1.0 have been found, isolated mitochondria 
maintain a ratio approaching 15 (31).4 A maximal ATP: ADP ra- 
tio during endogenous respiration of 13:1 (average 8:1) has been 
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TABLE 
Analysis of ATP in mitochondria isolated from ascites tumor cells 
The cells were treated with glucose, 2.0 mm, 2 or 3 minutes 
before homogenization. Control samples without glucose addi- 
tion were treated identically and simultaneously throughout the 
isolation procedure. 


ATP 
Experiment No. 
Control Glucose-treated 
moles X 10-9/mg protein 

7/8 4.2 13 
54/7 1 80 
57/7 1 11 
66/10 1 7 
67/11 3.9 8.3 
21/8 1 7.5 


obtained. During glucose respiration, the average ratio is 5:1, 
suggesting: (a) that the true ATP:ADP ratio for the ascites cell 
metabolizing endogenous substrate is even higher than that 
indicated by chemical analysis (a variable part of the ATP is 
broken down during the analytical procedure); and (b) that the 
increment of ADP required to activate respiration cannot be 
measured; therefore, the chemical assay responds only after an 
appreciable increase of ADP over the amount required to satu- 
rate respiratory activity has occurred. 

Failure of chemical assays to give accurate results for the 
kinetics of the changes in concentration of the intermediates in 
ascites cell metabolism enhances the importance of the spec- 
troscopic response of the cytochromes of the respiratory chain in 
demonstrating the abrupt rise of ADP concentration at the 
mitochondria when glucose is added and its rapid fall as the 
inhibited phase is approached. Chemical assays are, however, 
useful for identifying substances whose concentrations alter, 
whereas spectroscopic methods indicate early kinetics of such 
changes. 

ATP Accumulation in Mitochondria of Ascites Tumor Cells— 
The proposed general mechanism for the metabolic control of 
respiration in ascites tumor cells implies a shift of adenine nucleo- 
tides from a cytoplasmic compartment to the mitochondrial 
space, and their retention in the mitochondria. Detection of 
ATP accumulation in the mitochondria by chemical means is 
technically dependent upon the quick disruption of the intact 
cells for isolation of the mitochondria. Although it was felt that 
the isolation procedure might bring about a loss of the retained 
ATP, this analysis was carried out. It was found that mito- 
chondria isolated from glucose-treated ascites tumor cells con- 
tained a significant amount of ATP (Table I), whereas the 
control samples contained an average of only one-third this 
amount, a finding which agreed with our assumption of ATP 
retention in the mitochondria of glucose-treated ascites tumor 
cells. It is not known, however, how the different ATP concen- 
tration is held by the mitochondria, or whether the structural 
and steady-state properties of the particles are so changed as to 
be able to retain more ATP. These questions require further 
experimentation. 


DISCUSSION 


Addition of glucose to ascites tumor cells metabolizing endoge- 
nous substrate causes characteristic cyclic changes of ADP and 
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ATP activity at both ends of the glucose-oxygen pathway (4, 7, 
8), which can be represented as three distinct metabolic regula- 
tions. 

The first is initiated by the addition of glucose, causing an 
increase of cytoplasmic ADP. Chemical measurements of this 
increase agree with the spectroscopic response of cytochromes 
of the intact cell (state 4-to-3 transition) (4). Chemical analyses 
also show an ATP decrease corresponding to the ADP increase. 
Production of fructose diphosphate and dihydroxyacetone-P at 
various glucose concentrations and the rapid utilization of 
glucose are also assayed. 

Second, addition of a low glucose concentration (120 uM, see 
Fig. 4 of (3)) sufficient to cause only a small decrease of the 
cytoplasmic ATP store nevertheless causes marked inhibition of 
respiratory activity attributed to a decreasing ATP dephos- 
phorylation within the cell. 

Third, and perhaps most significant, when sufficient glucose 
has been added to exhaust the cytoplasmic ATP store, retention 
of newly phosphorylated ATP by the mitochondria inhibits 
glucose utilization and consequently respiratory activity (36). 
Chemical data indicate exhaustion of the cytoplasmic ATP store 
by cessation of glucose utilization; maximal fructose diphosphate 
concentration, and retention of ATP in the mitochondria. 
Intracellular ADP concentration has fallen below its initial level 
with endogenous substrate, and total concentration of ATP has 
risen to nearly its initial level. 

Lonberg-Holm (14) made a radioactive study of the very early 
phase of glucose metabolism and drew the conclusion that a 
product inhibition causes inhibited glucose utilization, an alter- 
nate explanation discussed previously (6). However, the en- 
zymatic test reported herein may give more specific information 
about the product concentration involved in such a mecha- 
nism. In our experiments (see Fig. 5), concentration of glucose- 
6-P did not reach the level which, according to Weil-Malherbe 
and Bone (37), would be necessary to exert the very high and 
sudden inhibition of glucose utilization at the critical time, the 
onset of inhibition. Furthermore, there are alternative path- 
ways such as oxidative and nonoxidative degradation of glucose- 
6-P and fructose-6-P which are very active in ascites tumor cells 
(38, 39) and could readily withdraw a pooled glucose-6-P. 

The role of the Embden-Meyerhof enzymes in regulating 
either the activated or inhibited phase of glucose metabolism 
appears to be secondary. Since inhibition can be obtained in the 
presence of iodoacetate, the exhaustion of either ADP or phos- 
phate by the Embden-Meyerhof steps of phosphorylation is not 
an essential part of regulation. That lactate and pyruvate do 
not accumulate to a significant extent further supports this con- 
clusion. The pentose-phosphate cycle also appears to be a 
secondary feature of the metabolic control sequence, as dis- 
cussed elsewhere (29). 

The interval of activated glucose metabolism corresponds to 
one “turnover time’’ for the cytoplasmic ATP store (40, 41)4 
and is thus a measure of both the cytoplasmic reserve of ATP 
in the cell metabolizing endogenous substrate and the activity 
of its glucose phosphorylation system. Variation of the “‘turn- 
over time’’ (from 1 to 2 minutes) is indicative of a variation in 
the ATP store of either the glucose phosphorylation or oxidative 
phosphorylation activities. “Turnover time’”’ can be influenced 
by various inhibitors. As seen in Figs. 3 and 6, addition of 
iodoacetate prolongs the time interval within which fructose- 
diphosphate and ADP-ATP kinetics reach their maximum in 
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correspondence to prolongation of the “turnover time’’ without 
changing the general features of the glucose-oxygen interaction. 
However, the exact location at which iodoacetate interferes with 
“turnover time’’ requires further clarification. It could be 
explained by assuming an influence on the kinetics of the early 
glucose uptake, a change of permeability. The determination 
of ATP store and “turnover time’’ is considered elsewhere.‘ 

In addition to ‘‘turnover time,”’ the ratio of rates of glucose and 
oxygen utilization in the activated phase can be considered 
criterion of biological performance. In these cells hexokinase 
activity is greater, but both activities are sufficiently high that 
they are not rate limiting in the metabolism of either endogenous 
substrate or glucose after subsidence of the activated phase. On 
the other hand, they limit maximal dephosphorylation and 
rephosphorylation activities of the cell and are therefore con- 
sidered fundamental parameters of the metabolic design. 

Addition of an uncoupling agent during the inhibited phase of 
glucose metabolism evokes a fourth metabolic regulation, reacti- 
vation of glucose and oxygen utilization (6). Although activa- 
tion of glycolysis in the aerobic cell by adding an uncoupling 
agent is a well known form of the Pasteur reaction, the simul- 
taneous reactivation of respiration observed under these condi- 
tions is remarkable. Certain points require consideration in 
proposed explanations of the effects of uncoupling agents. First, 
because addition of an uncoupling agent reactivates glucose utili- 
zation, it is unlikely that reactivation of the glucose-utilizing 
enzymes has any cause but an increase in ATP concentration; 
second, the apparently simultaneous reactivation of glucose 
and oxygen utilization allows us to choose between release 
of stored ATP and breakdown of ATP and its resynthesis 
at a site at which it is available to glucose phosphorylating en- 
zymes. If the second mechanism applies, glucose utilization 
depends upon ATP breakdown and resynthesis through glyco- 
lytic phosphorylation, since it is impossible for ATP synthesis 
to occur in mitochondria due to the uncoupling phenomenon. 
That glucose utilization is reinitiated without a jump or meas- 
urable induction period and proceeds thereafter at a uniform 
rate favors the first hypothesis. 

As previously stated, other workers (9-11) examining the 
problem of metabolic control in ascites tumor cells have empha- 
sized the classical Crabtree effect characterized by long term 
respiratory inhibition involving an approximately 2-fold decrease 
of activity beginning from 5 to 10 minutes after addition of 
glucose and lasting at least 30 minutes (13). We may term this 
a 30-minute Crabtree effect. Some suggestion of the early 
glucose and oxygen activation phenomena has also appeared 
(for a summary, see (11)); Wu and. Racker (10)* and Ibsen 
et al. (11) confirm that inhibition of glucose utilization is more 
intense from 1 to 2 minutes after glucose addition than subse- 
quently. Wu and Racker also confirm the initial activation of 
respiration. Ibsen et al. have attempted to do likewise, but 
their experimental method yields negative results possibly be- 
cause of an inherent lag in their polarographic technique.* 
Nevertheless, their chemical data on intermediates support our 
measurements. 

Ibsen et al. (11) have made chemical analyses bearing upon the 
activated phase of metabolism and present the alternative ex- 


6 As seen in Fig. 1, right, of (3), dinitrophenol stimulated re- 
spiratory activity immediately, whereas in reference (11) this does 
not occur until from 2 to 4 minutes after dinitrophenol addition 
to the glucose-inhibited cells. 
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planation for respiratory inhibition: ADP does not enter mi- 
tochondria, but AMP is required and this reaction needs ATP 
as a cofactor (42). A correlation of their analyses for ATP, 
ADP, and AMP concentrations with our data on mitochondrial 
responses to intracellular ADP and the kinetics of oxygen utiliza- 
tion as measured by the platinum microelectrode is of interest. 
Referring specifically to Fig. 8 of (11), we find in the first minute 
the cyclic rise of ADP and fall of ATP. If “endogenous”’ values 
are taken as identical to “glucose’’ values, at ¢ = 0, their data 
show a symmetrical rise and fall of ADP concentration. A 
maximum is reached at about 1 minute and the effect subsides 
at the end of 2 minutes. The kinetics of the AMP change, 
although qualitatively similar to those of the ADP change, pro- 
ceed at only one-fifth their rate. It seems from the data of Ibsen 
et al. (11) that ADP and ATP are the active components, whereas 
AMP is affected in secondary fashion or changed for methodo- 
logical reasons. The mechanism proposed by Siekevitz and Pot- 
ter (43) for regulating respiratory activity in terms of a manda- 
tory AMP requirement for respiration of mitochondria (44) ap- 
pears inapplicable. First, kinetic studies reveal that ADP enters 
liver mitochondria more rapidly than AMP (42) and second, 
mitochondria isolated from the ascites tumor cell respond rapidly 
to a solution of ADP and also achieve a turnover number in ex- 
cellent agreement with that observed for the activated phase of 
glucose metabolism in the intact cell (7). Thus, we consider the 
“AMP regulation” theory of secondary importance in describing 
metabolic control phenomena for the ascites tumor cell. 

Although the short term metabolic regulations we observe 
preceding the 30-minute Crabtree effect may also apply to both 
the Pasteur and the Crabtree phenomena, our chemical observa- 
tions do not cover this experimental region as effectively as do 
the studies of Wu and Racker (10) and Ibsen e¢ al. (11), who 
propose that lack of phosphate inhibits respiration. Our data 
show that lack of ADP at the mitochondria is responsible for 
respiratory inhibition several minutes after glucose addition, but 
we do not deny the possibility that phosphate may have become 
the control substance in the interval between that time and the 
time at which the classical (long term) Crabtree phenomenon is 
measured (30 minutes later). If a small addition of glucose 
momentarily activates respiration at this time, then the “ADP 
regulation”? theory would apparently hold for long term inhibi- 
tion. Two inconsistencies in experiments on the equilibration 
of the ascites tumor cell (10, 11) must be clarified before phos- 
phate control of the classical Crabtree effect can be considered 
established. 


SUMMARY 


Assays of chemical events after addition of glucose to ascites 
tumor cells metabolizing endogenous substrate show, first, that 
the rapid phases of glucose and oxygen utilization and their sub- 
sequent inhibition are accompanied by a cyclic rise of adenosine 5’- 
diphosphate and a cyclic fall of adenosine 5’-triphosphate and 
second, that phosphate undergoes a rapid fall and a small rise. 
These observations, correlated with independent assays of cyto- 
chrome turnover, oxygen kinetics, and cytochrome and pyridine 
nucleotide changes, are consistent with the conclusion that four 
different types of metabolic regulation can be identified in the 
ascites cells in which two properties of mitochondria play a dom- 
inant role: their high affinity for adenosine 5’-diphosphate (28, 
45) and their high respiratory control ratio (28, 46). A third 
feature of these regulations is retention of newly phosphorylated 
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adenosine 5’-triphosphate (36), probably by mitochondria (6). 
The sensitivity of utilization of endogenous adenosine 5’-triphos- 
phate of the ascites tumor cell to the intracellular adenosine 5’- 


triphosphate level is a fourth aspect. 


These four factors provide 


a basis for extending the ideas of Warburg (47), Lynen (48) and 
Johnson (44) to an explanation of the metabolic regulations ob- 
served in these cells (7, 8). 


— 


37. 
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It has become increasingly apparent in recent years that cer- 
tain structural alterations of corticosteroids cause an increased 
biological potency of the resultant steroid (2). A number of 
chemical and microbiological alteration products of hydrocorti- 
sone exhibit enhanced anti-inflammatory potency coupled with 
unchanged or depressed mineralocorticoid activity (2,3). Asa 
result, steroids bearing various combinations of the A!, 6a-CHs, 
Qa-F, 16a-OH, and 16a-CH; substituents on hydrocortisone 
are now produced in large quantities for the treatment of various 
types of inflammations. 

We have been engaged in a series of studies on triamcinolone 
(9a-fluoro-118 ,16a,17a,21-tetrahydroxy -1,4- pregnadiene-3, 
20-dione), a synthetic corticosteroid which has achieved wide- 
spread medical application. In the first paper of this series (4), 
we reported the effects of various substituents on the rate of 
disappearance of hydrocortisone derivatives from rat liver super- 
natant systems. The present study is concerned with the physi- 
cochemical state in which corticosteroids are transported in the 
plasma. 

The binding of steroids by plasma proteins has been reviewed 
by several authors (5-7). Corticosteroids in plasma are bound 
by a low affinity, high capacity protein fraction (albumin) and 
a high affinity, low capacity protein fraction (designated corticos- 
teroid-binding globulin (8, 9) or transcortin (10)). Binding of 
corticosteroids to each fraction depends on the number and kind 
of substituents present on the steroid skeleton (9, 11,12). These 
reports prompted us to extend our investigation of the biochemi- 
cal effects of multiple structural alterations of hydrocortisone 
to an examination of plasma protein binding of the synthetic 
steroids. Both the whole plasma and the albumin binding of 
triamcinolone were determined and compared with similar ex- 
periments on hydrocortisone. In addition, the effect of various 
substituents on transcortin-steroid binding was investigated in 
a series of experiments on the effects of hydrocortisone deriva- 
tives on the plasma binding of hydrocortisone. 

Unlike hydrocortisone (8, 9), triamcinolone was not bound 
extensively to transcortin in human or dog plasma. In addition, 
triamcinolone was bound to a lesser extent than hydrocortisone 
by solutions of plasma albumin. Thus, at any given concentra- 
tion, a greater percentage of triamcinolone than of hydrocorti- 
sone would be present in the unbound state. The relationship 


_*A preliminary report of this work was presented at the meet- 
ings of the Federation of American Societies for Experimental 
Biology in Chicago, Illinois, April 1960 (1). This work was per- 
formed in the Pharmacological Research Department, Earl H. 
Dearborn, Head. 


between plasma protein binding and the relative biological po- 
tencies of the substituted corticosteroids is discussed herein. 


EXPERIMENTAL PROCEDURE 


Radioactive Steroids—The preparation of tritium-labeled tri- 
amcinolone (4.7 uc per mg) by the Wilzbach technique (13) has 
been described in detail (14). Hydrocortisone-4-C™ was pur- 
chased from the New England Nuclear Corporation. Paper 
chromatography in three solvent systems showed no radioactive 
impurities in conditions under which a 0.2% impurity would 
have been detectable. 

Equilibrium Dialysis—The apparatus and technique devel- 
oped by Roepke for the measurement of sulfonamide binding in 
plasma (15) and used by Wozniak in determining tetracycline 
binding (16) was employed in these experiments. Aliquots of 
1.5 ml of undiluted plasma or 4% human plasma albumin solu- 
tion in buffer (0.15 m NaCl, 0.02 m phosphate, pH 7.4) were 
pipetted into 7.6-cm sacs of Visking Nojax 18/32 cellophane 
casing containing an 8-mm glass rod over which the ends of the 
casing were folded and secured with rubber bands. The bag 
was placed inside a 50-ml wide mouth centrifuge tube with a 
ground glass stopper, containing 10 ml of buffered 0.9% NaCl 
solution to which the steroid, dissolved in 0.05 to 0.10 ml of 
formamide, was added. The tube was secured in a hole in a 
vertical turntable at a 78° angle. Thus, the rotation of the 
turntable at 8 revolutions per minute imparted a continuous 
rocking and rolling motion to the tube. This, coupled with the 
high ratio of membrane surface to plasma volume, allowed at- 
tainment of equilibrium in 2 hours, as demonstrated by experi- 
ments in which binding versus time was observed after addition 
of steroid to either the inner (¢lasma) or outer (buffer) solution 
(see Fig. 1.). On the basis of this observation, all equilibrium 
dialysis determinations were run for 3 hours to assure that 
equilibrium had been reached. The entire apparatus was en- 
closed in a constant temperature oven which was maintained at 
37 + 1° in all experiments. Duplicate tubes were used for all 
determinations, and duplicate samples were taken for counting 
except at the lowest triamcinolone concentrations. 

The effect of buffer composition was examined by determining 
the binding of hydrocortisone at high and at low concentrations 
(5.90 wg per ml and 0.07 wg per ml) in the phosphate-saline 
buffer described above, in Krebs-Ringer bicarbonate, and in 
Krebs-Ringer phosphate buffers (17). A variation of less than 
2% bound was observed, so it was concluded that neither trans- 
cortin nor albumin binding was affected by buffer composition. 

Radioactivity Determinations—All counting was carried out 


247 


8 
i 
‘ 
| 
‘ 
2 
| 
|| 


248 Protein Binding of Triamcinolone and Hydrocortisone 
100 
Steroid added initially to 
Plasma 
Burrer 
60} 
3 
40 
20F ; 
x i 
2 4 6 


Dialysis Time (Hours) 


Fig. 1. Equilibration time determination. Dog plasma pro- 
tein binding of hydrocortisone-4-C'* (12.5 wg per ml). 


in a Packard Tri-Carb automatic liquid scintillation spectrom- 
eter. Aliquots of 0.2 ml of the protein solutions were dissolved in 
3.0 ml of 1.0 Mm hyamine hydroxide in methanol (Packard Cata- 
logue No. 6003005) to which was then added 10 ml of toluene 
(containing 40 mg of diphenyloxazole and 0.5 mg of 1,4-bis-2’- 
(5’-phenyloxazolyl) benzene) and 0.2 ml of glacial acetic acid to 
suppress hyamine-induced fluoreseence (18).! Aliquots of 0.5 
ml of the buffer solutions were mixed with 20 ml of the Poly- 
ether 611 phosphor system of Davidson and Feigelson (19). All 
counting results were corrected for individual variations in 
counting efficiencies which were determined by addition to the 
counting vials of internal standards of accurately known radio- 
activity. 

At some of the lower triamcinolone-H* concentrations, at 
which the radioactivity was insufficient to allow determination 
by the above procedure, 1.0 ml aliquots of the plasma solution 
were oxidized in an enlarged and modified oxygen combustion 
train (20) and the H*.O trapped and counted. Aliquots of 5.0 
ml of the buffer solutions were extracted three times with 20 
ml of ethyl acetate and the solvent evaporated. The residue 
was taken up in 5 ml of ethyl acetate and mixed with 10 ml of 
the toluene-phosphor mixture for counting. 

Calculations—In this study, as in most dialysis experiments, 
binding is defined as the phenomenon or phenomena through 
which the physicochemical activity of steroid in the presence of 
protein is reduced. 

Binding was calculated according to the following equation: 


% bound 


a [Total steroid in plasma] — [unbound steroid in plasma} 
[Total steroid in plasma] 


In which 
[Unbound steroid in plasma] 


[plasma water] 


= [Steroid in buffer] X [buffer water] 


Final plasma concentrations of steroid were calculated from the 
observed radioactivity concentrations and the initial specific 
activities of the steroids. No correction for endogenous cortisol 
was made. | 

The volumes and radioactivity concentrations of both plasma 


1 It has been found in this laboratory that the addition of glacial 
acetic acid (equivalent to the amount of hyamine hydroxide pres- 
ent) eliminates the base-induced fluorescence. In addition, the 
yellow color formed by interaction between hyamine and impuri- 
ties in the phosphors is also eliminated. 
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and buffer solutions were known at the end of each experiment; 
it was thus possible to calculate the recovery of radioactivity 
from each tube. Only those tubes for which a 95 to 105% re- 
covery was obtained are reported. 


RESULTS 


The results of equilibration time determinations for hydro- 
cortisone-4-C in dog plasma are shown in Fig. 1. Two sets of 
tubes were prepared. In one set, labeled steroid was included 
with the plasma inside the dialysis sac; in the other, the labeled 
steroid was added to the outer buffer solution. It is appar- 
ent from Fig. 1 that equilibrium was achieved in 2 hours 
and that the binding at equilibrium was not affected by the 
starting point of the steroid. Similar results were obtained 
when triamcinolone-H* was studied. Paper chromatography 
of extracts of these solutions revealed no additional radioactive 
components in incubations of either triamcinolone-H? or hydro- 
cortisone-4-C'4 up to 4 hours. At 6 hours, approximately 0.5% 
of a more polar component was detected in the hydrocortisone 
incubation mixture. Metabolism of hydrocortisone was expected; 
Rongone et al. (21) have reported that the 3-keto-A‘-groups of 
various corticosteroids are reduced upon incubation with plasma 
proteins. 

The binding of hydrocortisone-4-C™ and triamcinolone-H? was 
investigated first in dog plasma; the results are presented in Fig. 
2. Over the range of concentrations employed, there was a 
striking difference in the binding of the two compounds. Tri- 
amcinolone binding did not change appreciably with concentra- 
tion, whereas hydrocortisone binding decreased as the hydro- 
cortisone concentration increased. This result suggested that 
triamcinolone was not bound by transcortin. Inasmuch as it 
has been reported that human blood contains a much higher 
level of transcortin than dog blood (8, 10), the investigation was 
extended to human plasma. 

The results of the human plasma studies are shown in Fig. 
3. The binding of hydrocortisone and triamcinolone to human 
plasma albumin solutions of approximately the same concen- 
tration as the albumin in the plasma pool being studied (4%) 
was also determined. 

Unlike hydrocortisone, triamcinolone showed no indication 
of transcortin binding in human plasma at the concentration 
range studied. The binding of triamcinolone to whole plasma 
corresponded very closely to that observed in albumin solutions. 
As would be expected from previous reports (11, 12), the inclu- 
sion of polar a-substituents in triamcinolone caused it to be less 
highly bound to albumin than was cortisol. Thus, at all con- 
centrations triamcinolone was bound to a lesser extent than 
cortisol by plasma proteins. At the low plasma steroid concen- 
trations corresponding to normal hydrocortisone levels, at least 
5 times as much triamcinolone would be present in the unbound 
state as would hydrocortisone at the same plasma concentration. 
If one may assume that only the unbound steroid is biologically 
active, this observation may contribute to an understanding of 
the enhanced activity of triamcinolone as compared to hydrocor- 
tisone. Following this line of reasoning, it was of interest to 
compare the plasma binding properties of a series of substi- 
tuted hydrocortisone derivatives, some of which have exhibited 
interesting biological activities. Since these compounds bear- 
ing radioisotopic labels were not available, it was not possible 
to determine their plasma binding directly. However, the com- 
petition experiments by which Daughaday (8) investigated the 
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specificity of transcortin suggested an alternative way of ob- 
serving whether these highly substituted corticosteroids were ex- 
tensively bound by transcortin. 

The binding of hydrocortisone-4-C' was determined in human 
plasma and in albumin solutions in the presence of unlabeled 
hydrocortisone derivatives. The results of a series of such ex- 
periments are presented in Table I. It is apparent that these 
compounds differed markedly in their effects on hydrocortisone 
binding by plasma, and that these effects were on the binding by 
transcortin, rather than by albumin. In general, increasing 
the number of substituents decreased the competition with 
transcortin binding of hydrocortisone and, presumably, the 
binding of the competitor to transcortin. Incorporation of a 
1,2-double bond reversed this trend. For instance, A!, 9a-flu- 
orohydrocortisone was a more potent competitor than 9a-fluoro- 
hydrocortisone. This relationship was observed throughout the 
series of compounds reported here. 

The decrease in hydrocortisone-4-C'* binding with increasing 
unlabeled steroid concentration indicates that the suppression 
of hydrocortisone binding was a competitive phenomenon which 
depended upon the relative concentrations of the two steroids 
present. The existence of this competition for transcortin but 
not albumin binding is indicative of the relatively small number 
of steroid-binding sites provided by transcortin as compared to 
albumin in plasma. 

These observations on competition with hydrocortisone bind- 
ing led to the suggestion that some of the compounds, other 
than steroids, used in the relief of arthritis and its symptoms 
might act by releasing bound hydrocortisone, thus increasing 
the effective corticosteroid concentration. This was examined 
by carrying out competitive experiments with aspirin (O-acety]- 
salicylic acid) at 5.26 to 5260 ug per tube and phenylbutazone 
(3,5-pyrazolidinedione, 4-butyl-1 ,2-diphenyl-butazolidine) at 
1.31 to 1310 wg per tube; the hydrocortisone-4-C™“ concentra- 
tion was held constant at 0.13 ug per tube. Under these con- 
ditions, hydrocortisone binding varied less than +1.7% from 
the 88.5% binding observed in control tubes. Thus, at very 
great excesses of aspirin or phenylbutazone, no decrease in 
binding of hydrocortisone to plasma protein was detected. On 
the basis of these data in mitro, it seems unlikely that the release 
of bound hydrocortisone is a contributing mechanism by which 
these drugs exert their antiarthritic effects. 


DISCUSSION 


The results of these studies on the binding of hydrocortisone 
by human plasma and albumin are in substantial agreement 
with previous reports (5-12), although we found somewhat less 
binding of cortisol at low concentrations. This difference may 
be attributable to the decrease in transcortin binding with in- 
crease in temperature reported by Sandberg and Slaunwhite (10) 
(our dialyses were run at 37° and the earlier studies were con- 
ducted at 4°) or perhaps to a difference in the endogenous hy- 
drocortisone concentration of the plasma samples. The striking 
similarity of our results on the albumin and whole plasma bind- 
ing of hydrocortisone (Fig. 3) and those of Mills et al. (22, Fig. 
7), in which binding was determined by ultrafiltration, should 
be noted. The discrepancy between our observations that dog 
plasma contains approximately as much transcortin as human 
plasma and previous reports (9, 10) that dog plasma contains 
substantially less transcortin cannot be explained by the data 
available at this time. 
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Fic. 2. Binding of triamcinolone-H* and hydrocortisone-4-C!4 
by dog plasma. 


100 


0.1 1.0 10 
Final Concentration of Steroid in Plasma (ug. per ml.) 


Fic. 3. Binding of triamcinolone-H* and hydrocortisone-4-C' 
by human plasma and 4% human plasma albumin solutions. 


TaBLeE I[ 


Suppression of hydrocortisone-4-C'* binding to human plasma 
proteins by structural analogues of hydrocortisone 


Decrease in hydrocortisone bound in presence of 
competitor 
o 
3.83} 38.3} 383t 133f 
% % % % % 

Al- 8.6 | 25.3 | 30.1 | 31.8 2.6 
— 17a-OH- 30.0 2.5 
A!-, 16a-OH- 29.6 —0.6 
16a-OH- 16.2 1.5 
A}-, 6a-CH;- 2.5 4.6 | 13.2 | 19.0 3.1 
Al, 9a-F- 9.1 1.7 
Al-, 9a-F-, 16a-OH- 1.8 3.1 6.5 9.5 0.3 
9a-F- 5.7 9.5 1.5 
A}-, 9a-F-, 16a-CHs- —0.7| 0.9 
9a-F-, 16a-OH- 0.9 4.4 1.2 


* Hydrocortisone (0.060 ug per ml) was 90.1% bound to plasma 
in the absence of competitors. 

t Hydrocortisone (0.054 ug per ml) was 56.2% bound to albumin 
in the absence of competitors. 

t Ratio of.micrograms of competitor per tube to micrograms of 
hydrocortisone-4-C* per tube. 


The observation that triamcinolone is not bound extensively 
by transcortin in dog or human plasma and the demonstration 
that the affinity of transcortin for corticosteroids depends on 
the degree of substitution of these compounds suggests one 
means by which the biological activity of synthetic corticoster- 
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oids is enhanced (2, 3). If corticosteroids bound to plasma pro- 
teins are biologically inactive, then the substituted corticoster- 
oids may exert enhanced activity as a result of their lesser bind- 
ing to transcortin and albumin. Direct measurement of the 
biological activities of transcortin-bound steroids is not possible 
in the absence of a satisfactory system for measuring corticoster- 
oid biological activities in vitro. However, recent reports on 
hydrocortisone and transcortin levels in plasma during preg- 
nancy and after estrogen administration (22-25) present indirect 
evidence that transcortin-bound hydrocortisone is inactive in 
suppressing adrenocorticotrophic hormone release from _ the 
pituitary, in relieving rheumatoid arthritis, in inducing the 
symptoms of hypercortisolemia, and in causing eosinophil de- 
pression. If binding to transcortin reduces the availability of 
hydrocortisone to these systems, the lesser binding of triamcino- 
lone to transcortin may result in a greater concentration of this 
steroid at the sites of activity. Thus, less triamcinolone than 
hydrocortisone would be required to achieve a given concentra- 
tion at the active sites; this may be simply an alternative defini- 
tion of enhanced potency. Assuming that the competition 
experiments provide an indication of the affinity of transcortin 
for a steroid, we can apply the same line of reasoning to other 
synthetic corticosteroids. 

The enhancement of activity which occurs upon proper altera- 
tion of the corticosteroid molecule cannot be attributable solely 
to lesser albumin and transcortin binding of the substituted 
steroid. Binding to albumin and transcortin is only one of 
several factors which may govern the physiological availability 
of a steroid. More rapid absorption from the gastrointestinal 
tract, slower metabolism and excretion by the liver (4, 26-28), 


and the resultant longer plasma half-life (1, 28-34) would also- 


contribute to a higher concentration of steroid at the sites of 
activity. A comparison of the effects of various substituents 
on some of these properties of corticosteroids will be the subject 
of a later report. 

Steroid structural alterations do not always result in enhance- 
ment of a desirable biological activity. There are many in- 
stances in which one type of activity is increased while another 
is unchanged or even depressed (2, 3). Thus, it appears that 
some structural modifications decrease the affinity of the steroid 
for one or more of the target systems as well as for transcortin, 
albumin, and the metabolizing enzymes. Obviously, if a sub- 
stituted steroid has no inherent biological activity, its concen- 
tration at the sites of corticosteroid activity is of no biological 
significance. 


SUMMARY 


The binding of triamcinolone-H’ and hydrocortisone-4-C™ to 
dog and human plasma and to 4% human albumin solutions 
has been determined by the equilibrium dialysis technique over 
a wide range of steroid concentrations. Hydrocortisone was 
bound by albumin and by a second plasma protein, presumably 
the corticosteroid-binding globulin, transcortin, which has been 
described by Daughaday and by Sandberg and Slaunwhite. 
Triamcinolone, on the other hand, was bound almost exclusively 
to albumin, and was bound to a lesser extent than hydrocorti- 
sone to albumin. Thus, triamcinolone was present to a greater 
extent than hydrocortisone in the unbound state at all concen- 
trations; when either steroid was present at 0.01 ug per ml in 
plasma, 5 to 6 times as much triamcinolone as hydrocortisone 
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was unbound. Determination of hydrocortisone-4-C™ binding 
in the presence of a series of hydrocortisone derivatives revealed 
that the 6a-CHs;, 9a-F, 16a-OH, and 16a-CH; substituents a]] 
decreased the competition of steroids with hydrocortisone bind- 
ing. Dehydrogenation at the 1,2 positions partially reversed 
this effect. These observations led to the suggestion that the 
lesser plasma binding of the synthetic substituted corticoster- 
oids accounts in part for their enhanced biological activities. 
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